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Polymer dielectrics with high energy density are essential elements to fulfill the
future needs on pulse power, power conditioning, and electrification applications. The
energy density is determined by the breakdown strength and dielectric constant of the
polymer dielectrics, essentially controlled by conduction and polarization processes.
However, the high ﬁeld conduction and polarization phenomena of polymer dielectrics
with a lack of fundamental understanding are extremely complex involving electronic
and conformational structure of polymer, multi-factor interactions from electrical,
thermal, mechanical and chemical properties. Thus, the basic experimental and
theoretical research on conduction and polarization phenomena of polymer dielectrics
under high electric field is a critical enabler to meet the ever-increasing need for high
energy density capacitors.
In this comprehensive study, the overarching goal is to come up with a satisfactory
understanding of high electric field (high field) conduction and polarization phenomena
in polymer dielectrics. Characterizations of the conduction and polarization processes

Zongze Li, University of Connecticut, 2020

in polymer dielectric thin films are presented with a special focus on the relationship
between energy storage properties and physical morphology/chemical structures.
A novel high electric field conduction measurement system is developed, making
prebreakdown conduction measurement through polymer dielectric thin films possible.
High field phenomena involving charge instability and charge induced aging are
observed for the first. The analysis of the temperature dependent prebreakdown
conduction result allows the reconstruction of the defect density of states in the
electronic band structures of polymer dielectrics. The result suggests that semicrystalline polymer films have fundamental advantages over amorphous polymer films
with less defect states and shallower trap depth, resulting in a higher breakdown
strength. A systematic broadband dielectric spectroscopy measurement is performed
with a detailed analysis of individual polarization processes. A design methodology by
combining flexible and rigid segments to enhance the sub-glass transition dipolar
relaxation is presented for the exploration of novel high energy density polymers.
These findings are very insightful for the understanding of high field phenomena
in polymers and the essential structure-property relationship to enhance the energy
density of polymer dielectrics. This study paves a way to design and optimize polymer
dielectrics with high energy density for future pulse power applications.

High Electric Field Conduction and
Polarization in Polymer Dielectrics

Zongze Li

M.S. University of Connecticut, US, 2017
B.S. Tongji University, China, 2014

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
at the
University of Connecticut
2020

i

Copyright by

Zongze Li

2020

ii

APPROVAL PAGE
Doctor of Philosophy Dissertation

High Electric Field Conduction and
Polarization in Polymer Dielectrics
Presented by
Zongze Li, B.S., M.S.

Major Advisor ___________________________________________________
Yang Cao

Associate Advisor _________________________________________________
Helena Silva

Associate Advisor __________________________________________________
Bryan Huey

University of Connecticut
2020

iii

ACKNOWLEDGMENTS
First and foremost, I would like to express my utmost gratitude to my major
advisor professor Yang Cao, for his insightful advice and sincere support. It is even
hard for me to imagine how a better advisor will be. His patient guidance and
unconditional help changed my way of study and throughout my Ph.D. study. He built
up my capability of independent thinking and problem-solving skills, which I will
benefit from lifelong. He also supported me in my personal life when I fall and showed
me how to become a better person. I would also like to thank my associate advisors,
Prof. Bryan Huey and Prof. Helena Silva for their professional advice and support in
my Ph.D. study.
Special thanks are given to Dr. Steve Boggs for his kind guidance when I was in
my initial stage of my study. Steve was a bright and innovative scientist in our research
field. I would also like to thank JoAnne Ronzello, the lab manager of Electrical
Insulation Research Center (EIRC). She helped me on lots of experimental details and
taught me how to communicate better with others.
I am grateful that I can be part of the Multidisciplinary University Research
initiative (MURI) project throughout my study. Especially, I want to thank Prof. Rampi
Ramprasad and Prof. Gregory Sotzing for their kind guidance and thoughtful academic
suggestions. The financial support is from a MURI grant of the Office of Naval
Research.

iv

Many thanks are owed to my current and past group members from EIRC for their
help and priceless friendship. Special thanks are given to Dr. Chao Wu and Dr. Yifei
Wang for their meticulous help in the final stage of my Ph.D. study.
I want to thank my family, my father Hongyan Li and my mother Ju Li for their
unconditional love. Their everlasting love is the motivation for me to overcome any
difficulties.

v

Table of Contents
Chapter 1. Introduction ........................................................................................... 1
1. 1.

Electrical energy storage systems and capacitors .................................. 1

1. 2.

Polymer film capacitors ........................................................................... 3

1. 3.

Dielectric materials and their characteristics ........................................ 6

1. 4.

Challenges in polymer dielectrics ............................................................ 8

1. 5.

Thesis Organization................................................................................ 11

1. 6.

Summary of the contribution ................................................................ 12

Chapter 2. Electrical breakdown, conduction and polarization ........................ 14
2. 1.

Dielectric breakdown ............................................................................. 15

2. 2.

High field conduction in polymer dielectrics ....................................... 17

2. 3.

Polarization and dielectric constant ...................................................... 20

2. 4.

Summary ................................................................................................. 25

Chapter 3. The high electric field conduction measurement system ................. 26
3. 1.

Previous High field conduction measurement work ........................... 27

3. 2.

Overview of the transient conduction measurement system .............. 28

3. 3.

System Description ................................................................................. 32

3.3.1

Sample setup ......................................................................................... 32

3.3.1

Test Voltage and Reference Channel .................................................... 33

3.3.2

Signal Channel ...................................................................................... 34
vi

3.3.3

Lock-in Amplifier and Feedback .......................................................... 35

3.3.4

Band Pass Filter .................................................................................... 36

3.3.5

System Setup ......................................................................................... 37

3.3.6

Accuracy and repeatability ................................................................... 38

3. 4.

The capacitive current cancellation demonstration ............................ 41

3. 5.

Summary ................................................................................................. 42

Chapter 4. Prebreakdown conduction in polymer dielectric films.................... 44
4. 1.

Introduction ............................................................................................ 44

4. 2.

Materials .................................................................................................. 45

4. 3.

High field resistive current .................................................................... 48

4. 4.

Prebreakdown conduction in commercial polymer dielectrics .......... 51

4. 5.

Dynamics of nonlinear charge injection ............................................... 55

4. 6.

High field degradation and defect creation .......................................... 58

4. 7.

Summary ................................................................................................. 60

Chapter 5. Probing electronic band structures in polymer dielectrics ............. 62
5. 1.

Introduction ............................................................................................ 62

5. 2.

Temperature dependent conduction measurement ............................. 66

5. 3.

Analysis based on conventional hopping conduction model............... 68

5. 4.

Method of TDSCLC analysis for polymer dielectrics ......................... 72

5. 5.

Bulk trap density of states in polymer dielectrics ................................ 75

5. 6.

First-principles computations of electronic band structures.............. 78
vii

5. 7.

Summary ................................................................................................. 81

Chapter 6. Dipolar polarization enhancement in organic polymers ................. 83
6. 1.

Introduction ............................................................................................ 84

6. 2.

Structures of the selected promising novel polymers .......................... 87

6. 3.

Broadband dielectric spectroscopy measurement ............................... 89

6. 4.

Dielectric polarization and relaxation analysis .................................... 94

6. 5.

Characterization of high field polarization .......................................... 98

6. 6.

Summary ............................................................................................... 100

Chapter 7. Conclusion and future works ........................................................... 102
7. 1.

Concluding remarks ............................................................................. 102

7. 2.

Suggested future works ........................................................................ 105

Publications ............................................................................................................. 108
Bibliography ............................................................................................................ 113

viii

List of Figures
Figure 1.1 Power density vs. energy density for energy storage devices……………...2
Figure 1.2: Structure of polymer film capacitors………………………………………4
Figure 2.1: Schematic graph of current density versus voltage for an ideal case of spacecharge limited current…………………………………………………………..…….19
Figure 2.2: Energy band diagram of hopping conduction in dielectric insulators…….20
Figure 2.3: Representation of a dielectric material in an applied electric field….…….22
Figure 2.4: An illustrative depiction of three types of polarization mechanisms that can
be present in a dielectric material………………………………………………….....23
Figure 2.5: A schematic showing different types of polarization as a function of relative
frequency…………………………………………………………………...………...24
Figure 3.1: Block diagram of the prebreakdown measurement system with active
displacement current cancellation…………………………………………………....30
Figure 3.2: The schematic diagram of the capacitive current cancellation system as
described in the text………………………………………………………………..…31
Figure 3.3: The metal-insulator-metal sample layout. (a) The diagram showing each
layer. (b) The side view the measurement layout with applied voltage……………….32
Figure 3.4: The phase shift of VCA relative to 0 dB gain at 100Hz, 1kHz, 10kHz,
respectively………………………………………………………………………..…33
Figure 3.5: Bode plot of the 1 kHz band pass filter showing its phase and amplitude
response…………………………………………………………………………........36
ix

Figure 3.6: Accuracy and repeatability test results…………………………...………39
Figure 3.7: Accuracy with various capacitances in parallel with 10 GΩ…………….40
Figure 3.8: Conduction measurement demonstration indicating effective dynamic
cancelation even with capacitance of the sample doubled during the test……………41
Figure 4.1: 3D surface profilometer result for model polymer films…………………46
Figure 4.2: Wide-Angle X-ray Scattering (WAXS) result……………………………47
Figure 4.3: Wide-angle X-ray Scattering (WAXS) spectra for three semi-crystalline
polymers……………………………………………………………………………...47
Figure 4.4: Integrated resistive current as a function of electric field over three
consecutive prebreakdown runs……………………………………………………...49
Figure 4.5: Comparison of the integrated conduction for the four capacitor grade films
under study…………………………………………………………………………...52
Figure 4.6: Prebreakdown conduction in log-log plot with the solid line showing the
slope of the integrated conduction in accordance with SCLC model………………..53
Figure 4.7: Nonlinear charge injection in (a) BOPP and (b) polystyrene………..……56
Figure 4.8: The prebreakdown conduction measurement results on one PS film showing
the hysteresis behavior above ~450MV/m…………………………………………...58
Figure 5.1: Typical defects formed by local polymer chain arrangement…………….63
Figure 5.2: Conduction current density as a function of electric field for each material
at room temperature and elevated temperatures………………………………………67

x

Figure 5.3: Curve fitting of electric field dependent current density as according to the
simplified hopping model. (a) Result of BOPP. (b) Result of PET…………………..69
Figure 5.4: 3D fit to experimental current density data for polystyrene……………..70
Figure 5.5: Diagram summarizing different types of charge transport and conduction
mechanism………………………………………………………………………..….71
Figure 5.6: Data processing procedure to extract the defect density of states……….74
Figure 5.7: The resulting density of bulk trap states below the conduction band edge
for all polymeric films……………………………………………………………….76
Figure 5.8: Calculated bulk trap density of states below the conduction band edge for
all polymer dielectric films based on experimental prebreakdown conduction, as well
as the calculated band structure for crystal and amorphous of polymers using DFT
computation…………………………………………………………………………..80
Figure 6.1: Molecular structures of three intimal selected blocks and their
corresponding second generation designed polymers………………………………..88
Figure 6.2: Broadband dielectric spectroscopy as a function of wide ranges of
temperatures and frequencies………………………………………………………...90
Figure 6.3: Temperature dependence of loss factor for a) PDTC-HK511, b) TDIEDR148, c) BTDA-HK25 at selected frequencies…………………………………...95
Figure 6.4: The sub-glass transition relaxation peak mapping according to existing
models for TDI-EDR148…………………………………………………………..…95

xi

Figure 6.5: a) The temperature dependence of loss peak maximum according to
Arrhenius equation. b) Calculated activation energies for each sub-glass relaxation
process based on Arrhenius equation……………………………………………...….97
Figure 6.6: High electric field DE loop result………………………………………..99

xii

List of Tables
Table 5.1: Activation energy and hopping distance calculated from the 3d fitting…...72
Table 6.1: The breakdown of dielectric constant into separate polarization processes.92

xiii

Chapter 1. Introduction

1. 1.

Electrical energy storage systems and capacitors

Today, electricity accounts for about 40% of our primary energy, with a projected
50% increase in demand by 2030 [1]. There is a great need for advances in electrical
energy storage, not only for mobile electronic devices, but also for nearly every aspect
of the society, from transportation and load-leveling to the effective commercialization
of renewable resources, such as solar and wind power [2, 3]. Advances in how we store
electrical energy have the potential to transform nearly every aspect of the society, from
transportation to communication to electricity delivery and domestic security [4, 5].
There are several types of electrical energy storage devices including capacitors
[6], supercapacitors, batteries [7], etc. A convenient way to compare the operational
characteristics for batteries and capacitors is to plot the power density as a function of
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Figure 1.1: Power density vs. energy density for energy storage devices

energy density, as shown in Fig. 1.1. Typically, there is an inverse relationship between
energy density and power density. Batteries can provide higher energies than capacitors,
whereas capacitors are high-power devices with limited energy storage capability.
Capacitors refer to the dielectric and electrolytic types widely used in power and
consumer electronic circuits. These types of capacitors have very high power, very fast
response time, almost unlimited cycle life, and zero maintenance. The high
discharge/charge rates of capacitors have led to their use in a variety of applications
based on supplying high power. However, their energy density is on the low end which
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limits their applications in modern technologies. With the ever-growing needs in
modern power systems, the increasing of the energy density is urgently needed [8].

1. 2.

Polymer film capacitors

Capacitors are a good example of the fact that even the simplest device can become
complicated given 250 years of evolution [9]. Capacitors are available commercially
in many different forms such as ceramic capacitors, glass capacitors, electrolytic
capacitors and polymer film capacitors. Polymer film capacitors, plastic film capacitors,
or film capacitors, are electrical capacitors that use a thin insulating polymer film as
the dielectric [10]. The dielectric films, depending on the desired dielectric strength,
are processed to an extremely thin thickness, and are then provided with electrodes.
Two pieces of plastic film are covered with metallic electrodes, wound into a
cylindrical shaped winding, with terminals attached, and then encapsulated as a
capacitor. Compared with other types of capacitors, polymer film capacitors are
lightweight, low cost, easy to manufacture and have a graceful failure mode.
The electrodes of film capacitors can be metallized directly to the surface of the
plastic film, or inserted as a separate metallic foil, forming two different types of plastic
film capacitors. Film/foil capacitors or metal foil capacitors are made with plastic films
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(a)

(b)

Film/Foil

Metalized film

Figure 1.2: Structure of polymer film capacitors

as the dielectric as each layered with a thin metal foil, usually aluminum, as the
electrodes. (Fig 1.2a). The advantages of this setup include easy electrical connection
to the metal foil electrodes and high current surges handle capability. Metallized film
capacitors are made of two metallized polymer films with plastic film as the dielectric
(Fig.1.2b). A very thin aluminum metallization is coated to one or both sides of the
polymer films to serve as electrodes. The unique property of this configuration is the
"self-healing" behavior, which means that the capacitor can clear local breakdown spot
on dielectric films and the dielectric breakdowns or short circuits do not necessarily
lead to the destruction of the component.
Film capacitors are the most common capacitor types for use in electronic
equipment and are used in many AC and DC microelectronics and electronics circuits.
Polymer film capacitors are used in power electronics devices, phase shifters, X-ray
flashes and pulsed lasers, while the low power variants are used as decoupling
capacitors, filters and in A/D convertors. Other notable applications are safety
capacitors, electromagnetic interference suppression, fluorescent light ballasts and
snubber capacitors.
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Film capacitors can also be used in a more conventional way as voltage smoothing
capacitors, in filters, audio crossovers. They can be used to store energy and release it
in a high-current pulse when needed. High-current electrical pulses are used to power
pulsed lasers or generate lighting discharges [11, 12]. In general, film capacitors are
not polarized, so the two terminals are interchangeable, which makes them suitable for
AC signal and power use.
Typical capacitance values of smaller film capacitors used in electronics start
around 100 picofarads and further extend upwards to microfarads. Unique mechanical
properties of plastic and paper films in some special configurations allow them to be
used in capacitors of very large dimensions. The larger film capacitors are used as
power capacitors in electrical power installations and plants or pulse power applications,
capable of withstanding very high power or applied voltages.
The advantage of modern film capacitor internal construction is direct contact to
the electrodes on both ends of the winding. This contact keeps all current paths to the
entire electrode very short. The inherent geometry of film capacitor structure results in
very low ohmic losses and a much-suppressed parasitic inductance. Another key
advantage of the film capacitor is the choice of different film materials for the dielectric
layer for desirable electrical characteristics, such as stability, wide temperature range,
or ability to withstand very high voltages. Some of the commonly used materials are
introduced in the next section.
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1. 3.

Dielectric materials and their characteristics

Materials always play a critical role in energy storage especially in polymer film
capacitors [13]. Thus, the fundamental understanding of existing polymers and the
development of novel polymers are of great importance. There are many types of film
capacitors, including polypropylene (PP) film capacitors, polyester (PET) film
capacitors, and polystyrene (PS) film capacitors, etc. The core difference between these
capacitor types is the material used as the dielectric, and the proper dielectric must be
chosen according to the application.
Biaxial Oriented Polypropylene (BOPP) film capacitors have a dielectric made of
the thermoplastic, non-polar, organic and partially crystalline polymer material PP,
from the family of polyolefins. Polypropylene film is the most-used dielectric film in
industrial capacitors and also in power capacitor types. The polypropylene film
material absorbs less moisture than polyester film and is thus suitable for "naked"
designs without any coating or further packaging. The temperature and frequency
coefficients of electrical parameters for polypropylene film capacitors are very low.
Polypropylene film capacitors have a linear, negative temperature coefficient of
capacitance. Therefore, polypropylene film capacitors are ideal for applications in the
most demanding frequency-determining circuits, filters, oscillator circuits, audio
circuits, and timers.
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Polyester film capacitors are a kind of film capacitors using a dielectric made of
the thermoplastic polar polymer material polyethylene terephthalate (PET) from the
polyester family. They are the low-cost mass-produced capacitors in modern
electronics, featuring relatively small dimensions with relatively high capacitance
values. PET capacitors are mainly used as general purpose capacitors for DC
applications, or for semi-critical circuits with operating temperatures up to 125 °C. The
low cost and the relatively compact dimensions are the main reasons for the high
prevalence of PET film capacitors in modern designs.
Polystyrene film capacitors, sometimes known as "Styroflex Capacitors", are well
known for many years as inexpensive film capacitors for general purpose applications
where high capacitance stability, low dissipation factor and low leakage currents are
needed. But the film thickness could not be made thinner than 10 µm, and its maximum
temperature rating is only 85 °C. However, polystyrene capacitors have an important
advantage that their temperature coefficients are near zero and so are useful in tuned
circuits where drift with temperature must be avoided.
Although conventional polymers are still commonly used commercial materials
for film capacitors, there are also many types of novel polymers developed based on
specific needs. Nanodielectric with various inorganic fillers have been explored，
nanocomposites [14, 15] and nanocoating [16] have been demonstrated with improved
properties.

However, until now, nanodielectrics still suffer from fundamental

limitations that the inhomogeneous nature of fillers can lead to the mismatch between
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the filler and polymer matrix and the existence of the interface is a potential threat for
long-term reliability and made large-scale film fabrication challenging [17]. On the
other hand, the rational design of organic pure polymers draws much attention and
several promising polymer candidates have been identified [18]. The in-depth
understanding of the property-structure relationship is needed to further improve their
performance.

1. 4.

Challenges in polymer dielectrics

As we can see in the previous sections, the ever-increasing demand in modern
power systems call for polymer dielectric with higher voltage tolerance and higher
energy density. From the energy density (U) equation U=0.5ε0εrE2 for linear dielectrics,
we can see that the energy density can be enhanced by either increasing dielectric
constant (εr) or the highest operating electric field (E), i.e., breakdown strength.
Up to now, although numerous materials have been demonstrated with improved
energy density compared to the state-of-art dielectric polymer BOPP, no establish
knowledge system exist that can guide the design or discovery of a polymer with high
breakdown strength and high dielectric constant. Such a lack of knowledge is because
of the complexity arising from the realistic state of the material (physical morphology
and chemical structures), making it hard to quantitatively estimate the high electric
field properties of a given material.
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Given the vastness of the polymer chemical space, a knowledge base is needed to
guide the exploration. Incremental changes in existing technologies will not produce
the breakthroughs needed to realize these improvements. Rather, a fundamental
understanding of the physical and chemical processes that take place in the polymer
dielectrics including the defect creation, charge transport, dipole movement is needed
to design revolutionary concepts. Understanding the atomic and molecular level
interactions in polymer dielectrics, i.e., electron transport conduction and dipole
interaction, will allow the development of the next generation of high-performance
polymer film capacitors. Once these fundamental underpinnings of polymer dielectrics
are understood, the principles for designing novel materials and energy storage
mechanisms will be revealed, positioning polymer film capacitors for enormous
opportunities available in renewable energy storage and conversion. With these pieces
of knowledge, polymer film capacitors may also emerge as even more important energy
storage components in the future.
In order to build such a knowledge base, fundamental studies of electrical
conduction and polarization of dielectrics under high electric field are needed. Some of
the challenges are described below in detail:
a. The measurement of prebreakdown conduction. Currently, no existing
experimental method can measure the prebreakdown conduction current in polymers
dielectric thin films. The challenge arises from the time dependence of the breakdown
strength. Because the method to measure conduction current relies on measuring the
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total current under a steady state where the absorption current becomes negligible. As
a result, the sample will fail far before reaching its statistical breakdown strength. Novel
tools to measure such high field conduction are needed as the first step of any high field
conduction study.
b. The probing of electronic band structures within polymer dielectrics.
Prebreakdown conduction as a function of the electric field contains the information
related to the electronic band structure and defect states of polymers, which will
influence the carrier mobility. Thus, the electronic band structure, which originates
from the physical morphology and chemical structure of the polymer, is believed to be
the bridge between the microscopic structure of polymer dielectrics and their electrical
performance. Analysis of the prebreakdown phenomena and high field conduction
related electronic band structure is needed.
c. Understanding the origin of the high dielectric constant in polymer
dielectrics. Besides conduction, the dielectric polarization is also an important piece
of information when designing polymer dielectrics. In polymer dielectrics, dielectric
constant comes from various polarization process when the tightly bonded electric
charges respond to an applied electric field. Researchers are working on designing
novel polymers with high dielectric constant by enhancing their dielectric polarization.
However, no established knowledge system exists that can guide the design of a
polymer with high dielectric constant. The challenge arises from the unclear
relationship between the chemical structure of polymers and their polarization behavior.

10

A detailed understanding of the correlation between molecular structures of polymer
dielectrics and their polarization behavior is urgently needed.

1. 5.

Thesis Organization

The goal of the work presented in this thesis is to provide fundamental
understandings on polymer dielectrics that can help increase their energy storage
capability through various electrical characterization and analysis methods.
The remainder of this thesis is organized as follows: First, in Chapter 2, some basic
high field phenomena in dielectrics and how they affect the electrical properties are
introduced. The challenges of high field characterization are also included. Currently,
no existing experimental method can measure the conduction current close to
breakdown in polymers dielectrics. In Chapter 3, a prebreakdown conduction
measurement system under transient condition is introduced based on a specially
designed captivate cancellation circuit, which is the first reported system that can
measure the resistive current up to breakdown field in polymer thin films. Details of
the design and operation of each part are also presented. Based on this system, in
Chapter 4, high field conduction as a function of the electric field is characterized,
including prebreakdown conduction, dynamics of charge injection and the evidence of
electric field aging. The results show the behavior of high mobility electrons that is
insightful for the study of charge transport dynamics and provide a quantitative basis
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for the analysis of the defect states. With the availability of prebreakdown conduction,
in Chapter 5, we probe the electronic band structure of polymer dielectrics to bridge
the physical morphology and chemical structure of polymer dielectrics with their
electrical properties. The analysis shows that polymers with higher crystallinity and
chain orientation have much less and shallower defect states, leading to lower
conduction. In Chapter 6, we proposed a design methodology of organic high-k
polymers by combining rigid aromatic polymers with flexible segments in the polymer
backbones. Polymer candidates are synthesized and systematically characterized.
Dielectric spectroscopy shows low dipole rotational barrier for these polymers and
confirms the design methodology. Chapter 7 summarizes all work discussed above and
suggests future work.

1. 6.
•

Summary of the contribution
The first measurement system based on active capacitive current cancellation
for high field conduction measurement in polymer dielectrics, making
prebreakdown study possible.

•

The study of prebreakdown conduction in polymer dielectrics and the discovery
of various prebreakdown phenomena, including trapped charges, charge
injection instability and trace of aging, setting the stage for advanced
characterizations.
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•

The experimental probing of bulk defect density of states in polymer dielectrics,
with a favorable agreement with first principle DFT calculation, bridging the
electronic structure with micromolecular structure.

•

The discovery of a polymer design methodology to enhance the dipolar
polarization by combining rigid aromatic polymers with flexible segments in
the polymer backbones, paving a way to further increase the energy density of
organic polymers and explore novel high energy density polymers.
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Chapter 2. Electrical breakdown, conduction and
polarization

The energy density (U) can be calculated by U=0.5ε0εrE2 for linear polymer
dielectrics. We can see that the energy density is controlled by the dielectric constant
(εr) and the breakdown strength (E) of polymer dielectrics. The dielectric constant is
controlled by various electric polarization process and breakdown strength is
significantly related to electrical conduction especially close to breakdown field. Thus,
a detailed study on the conduction and polarization is of great importance and the
fundamental understanding of these phenomena can lead to the improvement of the
energy density of polymer dielectrics.
Electric breakdown happens when conduction current flows through an insulating
dielectric uncontrollably when the voltage applied across it exceeds a certain value.
Thus, electric conduction is thought to be closely related to the breakdown phenomenon
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[19]. As a result, the examination of prebreakdown phenomena becomes essentially the
most effective way towards understanding dielectric breakdown. The dielectric
polarization is also an important factor that decides the energy density of polymers. In
polymer dielectrics, dielectric constant comes from various polarization process when
the tightly bonded electric charges respond to an applied electric field. In this chapter,
a brief recap of dielectric breakdown, some important mechanisms for conduction and
mechanisms of dielectric polarization are presented.

2. 1.

Dielectric breakdown

Dielectric breakdown is the failure of a dielectric to withstand the applied electrical
stress (electric field). It can be complete (as in a spark breakdown), or partial (as in
corona or a series of "partial discharges"). Breakdown in polymeric insulators is always
'catastrophic' in the sense that it is irreversible and destructive, resulting in a narrow
breakdown channel between the electrodes. The dielectric breakdown occurs when the
electrical field becomes high enough to cause some portion of a dielectric to abruptly
switch from being an electrical insulator to a partial conductor. Dielectric breakdown
can occur along the interface between two dielectrics or inside a single dielectric. It can
occur abruptly across the surface or through the dielectric. It can also occur as a series
of small discharges that, over time, progressively damage the dielectric to the point
where it eventually fails catastrophically.
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In solids and gases, breakdown occurs when the applied electrical field becomes
sufficient to rip free electrons atoms/molecules. As newly freed electrons can be
accelerated by the electric field, they collide with neutral atoms/molecules. If some of
these collisions create more free electrons, the process will exponentially increase in a
runaway process called avalanche breakdown that leads to dielectric breakdown (i.e.,
failure of the dielectric material).
The complexity of a realistic breakdown event arising from the realistic state of
the material (physical morphology and chemical structures) and the interplay between
the magnitude of the electric field and the time span of the imposition of the field. All
catastrophic breakdown in solids is electrically driven by power and ultimately thermal,
because the discharge track involves at least the melting and probably the carbonization
of the dielectric. Deterministic models of breakdown are therefore categorized
according to the processes leading up to this final stage. The breakdown process can be
classified

into

several

types:

electronic

breakdown,

thermal

breakdown,

electromechanical breakdown, and partial discharge breakdown. It is interesting to note
that the difference between breakdown and degradation is somewhat tenuous:
breakdown is an experimental phenomenon and degradation is a progressive
phenomenon with a longer time scale leading to breakdown.
In electronic breakdown, the field causes either the number or the energy of the
electrons to reach unstable magnitudes such that they rise catastrophically. Ultimately
this causes destruction of the lattice at least locally. Thermal breakdown occurs when
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the heat generation cannot be balanced by the heat dissipation from the insulation either
macroscopically, or more usually, in a local area. As power is dissipated by the
insulation, heating occurs which usually causes an exponential increase in the electrical
conductivity as more carriers attribute to conduction. Electromechanical breakdown
occurs due to the electrostatic attraction of the electrodes which decreases the width of
the insulation by an amount depending on the Young's modulus.

2. 2.

High field conduction in polymer dielectrics

Closely related to the breakdown phenomenon is that of conduction. Although
being studied for the past century, breakdown in solids is still poorly understood and
the breakdown strength of solids still cannot be predicted. A theory for the high field
conduction in polymer dielectrics is the basis of such understanding but not available
[20]. Conduction and defect accumulation (i.e., degradation) provide positive feedback
to each other, culminating in the eventual catastrophic breakdown. Thus, examination
of prebreakdown phenomena (i.e., the behavior of the material just before it is expected
to breakdown) is essential for the understanding of degradation and breakdown. This
will involve studying the nature and onset of the injection and transport of charge
carriers with high mobility, and the carrier mobility induced instabilities under
extremely high electric fields. Two types of bulk limited conduction model are
introduced below.
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Space charge limited current (SCLC) is adopted from vacuum diodes and is found
to be true generally in insulating thin films which highly dependent upon thickness. In
a thin film which is insulating but has good contacts with the electrodes, then, although
there may only be a very small amount of free charge in the material at first, more free
charges may inject. If the dielectric constant is high, this will lead to a high charge
concentration built up within the material. Thus, at least initially, more charges may
enter the dielectric than leave it, leading to the formation of space charge.
A typical current density - voltage (j-U) curve is shown in Fig. 2.1 with logarithm
scale. There are four regions in this plot: ohmic conduction, trap-controlled SCLC, trap
filled limit SCLC and trap free SCLC. Ohmic conduction is due to thermally generated
carriers, it follows Ohm’s law and the slope is 1. With the increase of electric field, a
small fraction of the injected space charges stats to contribute to the conduction and the
slope is 2 according to Mott and Gurney square law. At a sufficient high electric field,
the injected carrier number density will be equal to the trap density, all traps will be
filled. Assuming all traps are at a single energy level, the slope will be infinitely large.
After all traps are filled, the square law will resume, and the slope will come back to 2.
In a realistic dielectric, the energy of traps has a wide distribution, so the third region
is not will defined and the transition between region 2 and 3 is therefore blurred. Also,
because the current increase rapidly in region 3, breakdown usually take place before
region 4 is encountered.

18

Current density j
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Trap free SCLC
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Trap-controlled SCLC
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Voltage U
(log scale)
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Figure 2.1: Schematic graph showing current density versus voltage for an ideal case
characteristic of space charge limited current
of space-charge limited current
(SCLC)

Hopping conduction is another important mechanism used in polymer dielectrics.
Polymer insulation materials are never pure, i.e., insulation may contain impurities.
Impurities provide localized states in the forbidden band that can support carrier
conduction and trap charges within the bulk of the material. As a result, the delocalized
states formed a band tail structure, making the band edge very close to the potential
barrier for carrier movement. In polymers, these carriers can then be thermally
activated to transfer between localized trap site, which is called “hopping”. A schematic
of hopping conduction is given in Fig. 2.2.
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Figure 2.2: Energy band diagram of hopping conduction in dielectric insulators.

2. 3.

Polarization and dielectric constant

When a potential difference V is applied between two electrodes (spaced d (m)
apart) of a vacuum capacitor with a cross section of A m2, the electric field intensity at
any point between the electrodes, perpendicular to the plates, neglecting the edge
effects, is E = V/d. The capacitance of the vacuum capacitor is C0 = ε0A/d, and the
charge stored in the capacitor is
𝑄0 = 𝐴𝜀0 𝐸
in which ε0 is the permittivity of free space (8.854 x 10−12 F/m).
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(2.1)

Dielectric materials can be thought of most basically as an insulator. When a
dielectric material is placed in an electric field, the equilibrium positions of electrons
are altered through a process called polarization. Dipoles in materials are also moved
through shifts in electron positions caused by polarization and even the orientations of
materials can move. If a homogeneous dielectric is introduced between the plates
keeping the potential constant, the charge stored is given by
𝑄1 = 𝐴𝜀0 𝑟 𝐸

(2.2)

where εr is the dielectric constant of the material, and commonly referred to k. This
constant contains a vast amount of information on the dielectric and optical properties
of a material.
Polarization is defined as the dipole moment per unit volume and is given by the
equation:
𝑃 = 𝜀0 (r − 1)𝐸

(2.3)

Equation 2.3 means that only free charges contribute to the voltage buildup across
the plates of the capacitor, whereas polarization charges are neutralized at the electrode
surfaces. An example of polarization is shown in Figure 2.3.
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Figure 2.3: Representation of a dielectric material in an applied electric field.

For polymer dielectrics, there are numerous types of polarization processes. They
may be classified as electronic polarization, atomic polarization, dipolar (orientational)
polarization and interfacial polarization. An illustrative depiction of the first three types
of polarization mechanisms important for parallel plate capacitors is shown below in
Fig. 2.4.
Electronic polarization is the most fundamental type of polarization. The classical
view of the structure of the atom is that the center of the atom consists of positively
charged protons and electrically neutral neutrons. The electrons move around the
nucleus in closed orbits. In the absence of electric field, the electrons will orbit the
nucleus consistent with the Electron Cloud Model per Schrodinger’s equation. When
an electric field is applied, even in the case of a neutral atom such as argon, the electron
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Figure 2.4: An illustrative depiction of three types of polarization mechanisms that
can be present in a dielectric material.

cloud will be polarized and distorted so the negatively charged electrons will orbit with
a bias towards the positively charged side of the applied field. While electronic
polarization occurs in every atom, the effect will be stronger in sulfur than in carbon
due to the larger electron cloud allowing the electrons more freedom to shift.
Atomic polarization and sometimes referred to as ionic polarization occur in
molecules between atoms. The vibrations of interest are the same vibrations studied by
infrared spectroscopy such as stretching, bending, rocking, wagging, and twisting
modes. In vibrational polarization, the nuclei of the atoms will be polarized, and their
position will also be adjusted. This polarization occurs on a longer timescale than
atomic polarization as atoms move significantly slower than electrons and at high
frequencies the atomic nuclei would effectively remain stationary while the electrons
surrounding them would continue to be polarized.
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Figure 2.5: A schematic showing different types of polarization as a function of
relative frequency.

Dipolar, or orientational or polarization exists only in molecules where there is a
permanent dipole moment. When an electric field is applied the dipoles are oriented by
the electrostatic force of the electric field, hence the name dipolar polarization. In
molecules such as water, the speed of this orientation is relatively quick, and the
magnitude of polarization is high. However, for polymeric materials that are the focus
of this thesis the speed of orientation is much slower due to chain entanglements and
inter-molecular interactions. The relative magnitude and frequency of all these
polarizations are shown in Figure 2.5.
The last remaining important polarization is interfacial polarization, also called as
Maxwell−Wagner−Sillers polarization. Interfacial polarization is due to charge carrier
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buildup at an interface such as between polymers and nanoparticles. These two
processes typically operate at frequencies below 10 Hz and are less important for the
polymer dielectrics for capacitor applications.

2. 4.

Summary

The theories on dielectric breakdown, electrical conduction and dielectric
polarization in this chapter are the main mechanism behind the properties related to
energy density. The study and analysis on high field conduction and polarization are
all based on these theories and details will be discussed in the following chapters.
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Chapter 3. The high electric field conduction
measurement system

High field (electric field above 400MV/m) aging and breakdown of dielectrics
represent extremely complex phenomena as a result of the intercorrelation of various
electronic, thermal and mechanical processes [21]. Traditional characterization of
conduction and aging mechanisms of dielectrics under quasi steady-state conditions
can only reach around two thirds of the breakdown field, as power dissipation would
cause thermal runaway for a macroscopic geometry under steady state conditions [22,
23]. Thus, the mobility related prebreakdown phenomena in dielectrics can only be
studied under transient condition for a macroscopic geometry [24, 25]. In this chapter,
the details of the development of an instrument that facilitates transient measurement
of high field conduction in dielectrics during a voltage ramp to breakdown based on
dynamic cancellation of the capacitive current are provided. The ability to measure
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prebreakdown current advances fundamental study of conduction mechanisms in
polymeric dielectrics and provides a basis for improved material engineering.

3. 1.

Previous High field conduction measurement work

Numerous previous works have been reported with the attempt of measuring the
conduction through polymer dielectrics towards a high electric field [26-28]. Some
methods are summarized below.
The first method is based on conventional steady sate current measurement, where
the sample is applied with the desired voltage and the current measurement is
conducted after long saturation time depending on the RC time constant when the
absorption current comes to a low enough level. When the measurement is carried out
at higher electric field, the time waited is much shorted and considered as “quasi-steady
state” measurement in which small amount of charging current is also measured.
Nevertheless, the sample typically can only reach around two thirds of the DC
breakdown strength because thermal runaway will lead to an early breakdown. In the
paper written by Ho and Boggs, BOPP was measured up to 426 MV/m with this method
[26].
Realizing that carrier mobility-related prebreakdown conduction can only be
studied at a shorter time scale under transient conditions as the power dissipation would
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cause thermal runaway, researchers start to design experiments to deal with the
capacitive charging current during transient condition.
The second method is based on the direct measurement of current through polymer
dielectrics at high temperature [27]. Based on such a method, the current through
polyimide films from 300℃ to 400℃ was measured and treated as conduction.
Because at such high temperature range, conduction is much higher and is considered
to be dominant in the total measured current. However, in this method, measurement
of high field conduction during a voltage ramp is only limited to a few heat resistant
materials like polyimides which can be subjected to sufficiently high temperature.
The third method is based on a microscopic geometry test setup, called “the
guarded needle” measurement [29]. In this method, a needle (~5μm radius) is inserted
into an insulating sample and a time varying voltage is applied between the needle and
the back electrode. The variation in the charge induced on the very small unguarded tip
of the needle is measured as a function of time, where charges caused by displacement
current are less. What the measurement determines is the change in the ‘‘no capacitive’’
image charge on the needle tip. However, the microscopic geometry study is not ideal
for capacitor polymer films considering the large area needed for power capacitors in
applications.

3. 2.

Overview of the transient conduction measurement system
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In this study, a system for measuring resistive current through a planar dielectric
film during a linear ramp voltage to breakdown has been developed to address the
limitation of conventional steady-state approaches.
During voltage ramp, the current measured is a combination of the resistive current,
as well as the capacitive current, i.e., 𝑗(𝑡) = 𝜀0 𝜀

𝜕𝐸(𝑥,𝑡)
𝜕𝑡

+ 𝑗𝑐 (𝑥, 𝑡). The capacitive

current is much greater than the resistive current even near the breakdown field.
Accurate measurement of resistive current in the presence of large capacitive current is
important, as the resistive current can provide information related to carrier transport.
Current in quadrature with the applied voltage can only be defined for a sine wave. For
example, if we apply a ramp voltage, we have no way to distinguish resistive and
capacitive current. However, if we superimpose a small, high frequency sine wave
“bias” voltage on the arbitrary waveform, we can use the sine wave-induced current to
balance a circuit that cancels the capacitive current generated by the sine wave. If the
sample dielectric constant is independent of frequency, cancellation of the capacitive
current from the sine wave cancels all capacitive currents. In other words, the capacitive
current induced by the sine wave voltage is used to “balance” the system so that it
cancels all capacitive currents, as long as the dielectric constant of the sample under
test is independent of frequency.
In this measurement system, a time varying voltage ramp is applied between the
high voltage electrode and the ground electrode across the sample. The charging current
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Figure 3.1: Block diagram of the prebreakdown measurement system with active
displacement current cancellation.

caused by the voltage ramp is cancelled by the system, and the redial current is collected.
What the measurement determines is the change in the “non-capacitive” image charge
on the electrodes. The voltage reading from the oscilloscope is essentially the
integration of resistive current through the sample.
Fig. 3.1 shows a block diagram for the system as used in our application, while
Fig. 3.2 shows the detailed schematic. Our test waveform is a linear, high voltage ramp
at about 300 V/s modulated with a ~10 V, 1 kHz sine wave. The “sample” branch
consists of a capacitive inverting amplifier, i.e., an op amp in which the input (the
capacitive device under test [DUT]), and feedback impedances are capacitive instead
of resistive. For capacitive current through the DUT, this amplifier acts as an inverting
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Figure 3.2: The schematic diagram of the capacitive current cancellation system as
described in the text.

amplifier/current-to-voltage converter with an inverting gain much less than 1. And for
a resistive “DC” current through the DUT, it acts as an integrator, which is desirable to
reduce noise. A sinusoidal resistive current through the DUT will be amplified with
180º phase shift. The output of this amplifier goes to a differential amplifier. The
reference branch consists of a Tektronix high voltage probe as divider feeding an op
amp voltage follower with 1 MΩ input impedance, and the output of which passes
through a voltage controlled amplifier (VCA) to the differential amplifier. The output
of the differential amplifier feeds the input of a digital lock-in amplifier, and the output
of which acts as feedback to the gain of the VCA to null the capacitive current at the
output of the differential amplifier. The use of the VCA represents a substantial
improvement over a previous system, as it has much larger dynamic range. In principle,
the circuit can be used with any voltage waveform which has a maximum frequency
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substantially lower than the "bias" frequency. A bias frequency >>1 kHz shall be
precluded by the increased phase shift in the VCA.

3. 3.

System Description

3.3.1

Sample setup

As shown in Fig.3.3, the polymeric film sample is sandwiched between two
metalized film electrodes with the top electrode facing down and the bottom electrode
facing up, forming a metal-insulator-metal (MIM) structure. A 75μm Kapton film with
a 1cm by 1cm window is used as a mask to control the active area of the sample.
Before each measurement, the sample is pre-conditioned to approximately 100
MV/m, when the electrostatic force will pull the film electrodes together to eliminate
any air bubbles trapped and ensure good contact.

Figure 3.3: The metal-insulator-metal sample layout. (a) The diagram showing each
layer. (b) The side view the measurement layout with applied voltage.
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3.3.1

Test Voltage and Reference Channel

Because the system cancels the capacitive current through the DUT based using
the phase resolution of a lock-in, any phase shift in the VCA as a function of gain will
cause an error in the cancellation and create an apparent resistive signal where none
should exit. Thus, knowledge of the VCA phase shift as a function of gain is important
but is poorly specified in the VCA data sheet. We therefore measured the VCA phase
shift from +20 dB to -60 dB gain as a function of gain at several frequencies with the
results shown in Fig.3.4. At 1 kHz, the phase shift is within ±0.02° from -40 to +2 dB,
which is nearly the specified relative phase accuracy limit of the SRS 830 lock-in
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Figure 3.4: The phase shift of VCA relative to 0 dB gain at 100Hz, 1kHz, 10kHz,
respectively.
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of the SRS 830 lock-in over a dynamic range of at least 42 dB. The relative phase shift
increases with frequency, which implies an upper frequency limit for the bias frequency.
Fig. 3.4 demonstrates that the system will not work properly at 10 kHz.
The high voltage ramp, in our application, is provided by a Stanford Research
System (SRS) PS375 20kV high voltage power supply driven by a function generator.
The ac sinusoidal modulation signal is coupled into the DC high voltage ramp through
a 0.1 nF, 10 kV blocking capacitor. The divider in the reference channel is provided by
a Tektronix P6015A 1000:1 high voltage probe. The probe is loaded by a 1 MΩ resistor
at the input of an AD823 op amp voltage follower, the output of which passes through
an inverting variable gain amplifier used to achieve an approximate match between the
reference and signal channels. The output of this variable gain stage passes through the
VCA to a 1NA116 ultra low bias current FET input instrumentation amplifier operated
at a gain of 2.

3.3.2

Signal Channel

The capacitive DUT acts as the input impedance to an inverting amplifier, and the
feedback of which is a capacitor much larger than the sample capacitance so that for a
high voltage signal applied to the sample, the amplifier is inverting with a gain much
less than 1. This configuration integrates a resistive current through the sample, which
is desirable to reduce noise. The amplifier is based on an ultralow bias current AD549
op amp, and the output of which feeds the other input of the 1NA116 differential
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amplifier. The input of the AD549 is subjected to high voltage transient when the
sample breaks down, from which it is protected by a 10 nF metalized film capacitor to
ground and 15 V back-to-back (series) Zener diodes to ground. Since the input to the
AD549 is a virtual ground, the capacitor does not cause additional problems to the
system. These elements, along with careful grounding, are sufficient to protect the
AD549 from sample breakdown.

3.3.3

Lock-in Amplifier and Feedback

The output of the instrumentation amplifier feeds the input of an SRS 830 digital
dual-phase lock-in amplifier with the reference coming from the signal source for the
sine wave bias voltage. The phase of the lock-in reference is adjusted so that the
quadrature channel output of the lock-in is a measure of the capacitive signal at the
output from the differential amplifier. This filtered (quasi-DC) signal is applied to the
control input of the VCA as the feedback to null the capacitive signal from the
differential amplifier. A signal proportional to the integrated resistive current appears
at the output of the instrumentation amplifier, and the signal measured by the in-phase
channel of the lock-in indicates the ac resistive current at the output of the differential
amplifier. If the test signal is a sine wave of much lower frequency than the bias signal
(e.g., 1 Hz), a second lock-in with 1 Hz reference can be used to measure the resistive
current from the sample caused by the low frequency sine wave.
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3.3.4

Band Pass Filter

In our application, the “filter” shown in Fig. 3.2 and characterized in Fig. 3.5 is
necessary to remove high frequency transients caused by discharges prior to sample
breakdown. Without the filter, transients from such discharges cause the input of the
lock-in to overload. The filter also blocks the DC output of the differential amplifier
(integrated resistive current) that could be problematic given the low frequency
response of the lock-in input. In other applications, this filter may not be necessary.
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Figure 3.5: Bode plot of the 1 kHz band pass filter showing its phase and amplitude
response.
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3.3.5

System Setup

Correct adjustment of the lock-in reference phase is very important. This is best
effected by replacing the sample with polystyrene capacitor of similar capacitance and
operating the circuit with the sinusoidal bias but without a “test signal”. With the lockin output disconnected from the feedback loop and the circuit near balance at an
appropriate VCA gain, the reference phase of the lock-in and the DC offset adjustment
in the feedback loop are adjusted until 0 output is achieved simultaneously for the inphase and quadrature outputs of the lock-in. This should be possible since a polystyrene
capacitor has a tan δ of about 10-5 rad (5x10-3 deg), which is smaller than the phase
resolution of the lock-in (0.01 deg). This adjustment will compensate for any phase
shift within the circuit, including that of the filter in Fig. 3.2, if used.
The “control signal feedthrough” for the VCA is specified from 0 to –40 dB gain,
which suggests that the VCA operates best over this range of gain. In our application,
the sample capacitance usually increases during the voltage ramp as a result of
electrostatic forces. This effect can be controlled by raising the sample to about half of
the breakdown voltage, lowering the voltage and then starting the experiment. Thus
prior to the start of the measurement “run”, the offset at the control input of the VCA
should be from 90 to 180 mV (-3 to -6 dB VCA gain) without lock-in connected to the
feedback loop. The gain of the AD823 inverting amplifier in the reference channel is
then adjusted to balance the circuit before the quadrature output of the lock-in is
connected to the feedback loop. The lock-in output then acts as a correction signal to
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keep the circuit in balance as the capacitance of the DUT changes. Gain of the feedback
loop is limited by stability and the maximum lock-in output time constant that is
consistent with the sample signal (about 100 ms in our case). We find that the feedback
loop is more stable with a two-pole filter (12 dB/octave) with a 100 ms time constant.
Of course, this is with the band pass filter mentioned previously.

3.3.6

Accuracy and repeatability

The gain of the feedback loop determines the fundamental limit to error. The gain
of the differential amplifier is 6 dB, the gain of the lock-in from input to output is about
60 dB, and the control input circuit to the VCA has a gain of about –12 dB for an overall
loop gain of 54 dB. Assuming we have a 0.5 mV imbalance at the input of the
differential amplifier, this could lead to a 0.25 V feedback at the control input of the
VCA which will cause an 8-dB change in the VCA gain. Under a typical operating
condition, we can assume that the input signal to the VCA is 1V. With an 8 dB change
in VCA gain, the correction signal will be roughly 2.5V, which is 2500 times greater
than required to balance the circuit. Thus, the error caused by sample or any subsequent
drift can be reduced by a factor of 2500. In practical testing, the experimental data
match the calculated result within noise level.
The system was tested by using a 4 kV, 1nF high voltage film capacitor with a
dissipation factor of <0.05%. The measured integrated resistive current is zero as
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Figure 3.6: Accuracy and repeatability test results. Both the measurements at time
zero and after 3 hours match the calculated result perfectly with less than 0.1V error.

expected. Next, a 10 GΩ resistor is placed in parallel with the film capacitor to check
system1 accuracy. The integrated resistive current should be
u0 =

1
u1dt
RC 

where u1 is the voltage applied to the resistance, R, C is the feedback capacitance,
and u0 is the output from AD549. The measured data at zero time are compared with
calculated result in Fig. 3.6, as well as with data measured 3 hours later. The standard
deviation between the measured result and calculated data is 4.3×10-4 and the standard
deviation between the later measurement and the calculated data is 2.2×10-3, indicating
good system stability. The time frame for our measurements is about 30 seconds during
which the system should be free from appreciable drift.
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Figure 3.7: Accuracy with various capacitances in parallel with 10 GΩ. The plot
shows the difference between the calculated data (Fig. 3.6) and each set of measured
data. The measured data always match the calculated data the noise. The result is
repeatable, and the error is stable, which indicates that the system works well over a
wide range of capacitance, as long as the VCA is operated within the range of gain
with small phase shift. In the case of 10 nF, the VCA gain is sufficiently large that
its phase error causes an error in the measured data.

The ability of dynamic cancelation is demonstrated using a 10 GΩ resistor in
parallel with a range of capacitors without adjustment of the instrument between the
measurements.

The results are compared with the calculated data for each

measurement and the errors are shown in Fig.3.7. We measured the resistive current
through the resistor in parallel with capacitor from 0.2nF to 1nF, and all of them have
an error that are within noise level compared with the calculated data. The result with
a 10nF capacitor is also measured under the same setting, and the error became obvious.
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This can be correlated to the phase shift of the VCA. With a 10 nF capacitor, the VCA
operate at around 20dB with much higher phase shift.

3. 4.

The capacitive current cancellation demonstration

Transient measurement of high field conduction in polymer dielectrics during a
voltage ramp is conducted with this system. The adjustable voltage ramping rate is set
at 300V/s in accordance with a typical breakdown test measurement. the dynamic
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cancellation capability of the system is demonstrated in Fig. 3.8.
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Figure 3.8: Conduction measurement demonstration indicating effective dynamic
cancelation even with capacitance of the sample doubled during the test.

During measurement of a compressible multi-layer film sample, the gain of the
VCA changes from -9 dB to -1.7 dB, which means the capacitance of the sample is
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nearly doubled as the electrostatic force compressing the sample increases during the
initial stage of voltage ramp. If the capacitive signal is not well cancelled actively, the
capacitive constant current from the ramp voltage would be integrated by the AD549
and appear as a linear ramp shown in the oscilloscope. The negligible change in this
signal indicates excellent cancellation of the capacitive current from the ramp with
change in sample capacitance.

3. 5.

Summary

A system for transient characterization of extreme field conduction in polymer
dielectric thin films has been developed based on dynamic cancellation of the
displacement current. In contrast to conventional quasi-steady state measurement
which can only reach two thirds of the breakdown field due to failure as a result of
thermal breakdown, transient measurement of resistive current can be conducted all
way to breakdown field. This is the first measurement system reported that can achieve
high field conduction measurement in polymer dielectrics over a large area. The use of
the VCA based active cancellation gives the system a great dynamic range and linear
gain control from -100dB to 40 dB, with an error of less than 0.01% and good stability
for as long as 3 hours. The method also provides high throughput screening capability
(measurement takes less than a minute) on large number of polymers, which is not
available in conventional method before. Such unique measurement capability under
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extreme electric field paves a way towards fundamental study of high field conduction
in polymer dielectrics.
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Chapter 4. Prebreakdown conduction in polymer
dielectric films

4. 1.

Introduction

It is important to study the electrical conduction and understand the conduction
mechanism under high electric field in polymer dielectrics, because it is closely related
to breakdown strength [30, 31].
Fundamental questions related to the degradation and breakdown of polymer
dielectrics when subjected to large electric fields should be addressed [32]. The
behavior of a material experiencing ultra-high fields has long defied a fundamental
understanding due to the fact that dielectric degradation and breakdown process in
engineering materials is extremely complex and happens only at extreme conditions
for a very short period of time [33-35]. In other words, dielectric breakdown is

44

essentially caused by the progressive accumulation of defects assisted by electrical
conduction.
Thus, measuring the electrical conduction close to the breakdown field prior to
breakdown provides the most relevant information regarding the breakdown
phenomena [36]. Prebreakdown conduction study is essential in revealing the nature
and onset of the injection and transport of charge carriers with high mobility, and the
carrier mobility induced instabilities under extremely high electric fields [37]. With the
availability of the transient conduction measurement system, in this chapter, the
prebreakdown conduction in several commercial capacitor grade polymers are
presented for the first time. The result provides additional information towards the
understanding of breakdown mechanism and carrier mobility at high electric fields.

4. 2.

Materials

Four classic commercially available capacitor grade polymer thin films are chosen
in this work as “model” polymers, they are: sequentially stretched tenter BOPP,
simultaneous blow-molding bubble BOPP, PET, and PS. Tenter BOPP is purchased
from Bollere with a thickness of ~7.6 µm, bubble BOPP is also from Bollere with a
thickness of ~12.5 µm, PET is from Goodfellow with a thickness of ~11.6 µm, PS is
from Goodfellow with a thickness of ~10 µm. Material characterization is first
performed to investigate the physical morphology of these films.
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Figure 4.1: 3D surface profilometer result for model polymer films

For polymer thin films, surface roughness is considered as a factor that can affect
the breakdown strength and conduction through polymers [38]. The surface roughness
of these films was measured by a Zygo 3-D optical scanning interferometer
profilometer. The measurement used a 50X objective lens and all results are plotted
with a legend of ±0.6µm. All films show similar smooth surfaces.
Wide-Angle X-ray Scattering (WAXS) measurements were also conducted to
understand the physical morphology of these films, including, crystal orientation,
crystallinity, etc. The measurement was performed by an Oxford XCalibur PX Ultra
diffractometer with a high-speed, low noise, CCD Onyx area detector. The X-ray
source is a CuKα source with a wavelength of 0.154 nm. The spectra were analyzed by
first removing the amorphous background signal.
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Figure 4.2: Wide-Angle X-ray Scattering (WAXS) result. WAXS spectra for semicrystal materials, tenter and bubble BOPP showed similar peaks mainly come from
monoclinic (α) crystalline phase.

From the WAXS result in Fig. 4.2 and 4.3, PS is proved to be completely
amorphous with a halo pattern and no ring patterns. The other three films all exhibit
semi-crystalline ring patterns. PET shows a major peak at 16.3 º. Tenter and bubble
BOPP yield similar peaks at 14.1º, 16.8 º, 18.6 º, 21.1 º and 21.7 º, coming from (110),
(040), (130), (111) of the monoclinic (α) crystalline phase [39]. From Fig. 4.2, bubble
BOPP shows continuous Debye rings while tenter BOPP shows stronger diffraction
signal at the diagonal direction, indicating its better biaxial crystal orientation. The
crystallinity of these films can be calculated based on their spectra. Tener BOPP shows

Figure 4.3: Wide-angle X-ray Scattering (WAXS) spectra for three semi-crystalline
polymers.
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a slightly higher crystallinity of 65.9% compared with that of bubble BOPP (57.7%).
PET has a crystallinity of 16.8%.
The result of material characterization shows that these polymers can be separated
into two groups with PS being completely amorphous and the rest being semicrystalline. At the same time, the surface roughness is similar among all films thus will
not be considered in further analysis.

4. 3.

High field resistive current

The transient measurement of high field conduction in dielectrics during a voltage
ramp all the way up to breakdown field was conducted according to Chapter 3. During
voltage ramp, the current measured is a combination of the resistive current, as well as
the capacitive current, i.e., 𝑗(𝑡) = 𝜀0 𝜀

𝜕𝐸(𝑥,𝑡)
𝜕𝑡

+ 𝑗𝑐 (𝑥, 𝑡). By cancelling the capacitive

current, the voltage reading from the oscilloscope is essentially the integration of
resistive current through the sample including conduction and initial polarization. In
principle, the initial polarization and conduction current can be separated through
repetitive charge and discharge cycles.
Each sample was tested up to an electric field just below the breakdown field
(~100MV/m lower than the measured DC breakdown strength), so the test can be
repeated on one sample for several consecutive times. The results of integrated resistive
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Figure 4.4: Integrated resistive current as a function of electric field over three
consecutive prebreakdown runs.

current as a function of electric field for the four polymer films are shown in Fig.4.4.
While the measured waveform is dominated by the conduction current at high field, the
run-to-run variation contains additional information related to carrier-trap filling and
initial interfacial polarization.
For the three semi-crystalline polymeric films (i.e., tenter BOPP, bubble BOPP
and PET), the integrated resistive current during the first run is always the largest, while
the subsequent runs are nearly identical (e.g., the resistive currents for the second and
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third runs shown in Fig.4.4 are almost identical). However, for polystyrene, the run-torun charge injection pattern differs from the other three semi-crystalline films, showing
that the charge injection in polystyrene continuously decreases after each measurement.
The reason is that the system is a capacitive cancellation system, so the resistive
current measured during the first run is a combination of conduction current and
absorption current. The initial filling of charge traps associated with the amorphous
phases contributes to the majority of absorption current. In semi-crystalline polymers,
the absorption current associated with the shallow traps presents mostly in the first run
since their relaxation time is much longer than the measurement time scale. And
charges measured during the consecutive runs are considered to be dominated purely
by conduction. For the case of PS, it has the most absorption current among all
measured capacitor films because of its completely amorphous nature. The absorption
current is always presented in the measured result due to its possible high trap density.
Another plausible explanation could be the changing of bulk trap characteristics caused
by chain reconfiguration under the extreme electric field. For a fair comparison, the
resistive current measured in the third run is also considered as “conduction”, as there
are no other ways to separate absorption current from conduction in amorphous
polymers.
The measured integrated transient resistive current result directly probes the initial
polarization and absorption, which is not available in any other electrical
characterization method before. Similar behavior can be observed in D-E loop
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measurement, but the difference between polymers cannot be compared when the large
capacitive current is not cancelled. Here, by conducting a regular DC breakdown
measurement, the system provides additional information on the carrier transport,
demonstrating that the semi-crystalline polymers show much less conduction and
absorption current than amorphous polymers. In addition, all the measured conduction
charge vs. electric field data contain higher order oscillations, which could be related
to energetic modes of transport [40].

4. 4.

Prebreakdown conduction in commercial polymer dielectrics

Based on the measurement result from the previous section, prebreakdown
conduction results are given to provide insight into conduction mechanisms for a basic
understanding of carrier transport and high mobility related aging in dielectrics. The
comparison of the integrated conduction as a function of electric field for the four
polymeric films based on data taken from the third run is presented in Fig.4.5. We can
see that all the Q-E curves start with a straight line with a negligible slope following
ohm’s law, Due to the setting of the system for high field measurement, at low field
(<100MV/m), only noise is observed. At higher fields, the charges increase nonlinearly
at a certain electric field, which is the inception of nonlinear charge injection. At
prebreakdown field (high electric field just prior to dielectric breakdown occurs), the
charges increase sharply, leading to a catastrophic electrical breakdown.
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Figure 4.5: Comparison of the integrated conduction for the four capacitor grade
films under study.

Among the four polymeric films, the semi-crystalline tenter BOPP exhibits the
lowest magnitude of conduction (1 μC) and the highest nonlinear charge injection
inception field (~300MV/m). Tenter BOPP represents the state-of-art capacitor film
with the highest dielectric breakdown strength of >700 MV/m among all polymeric
films studied. With slightly different processing methods, bubble BOPP is found to
have slightly higher conduction than tenter BOPP, especially near prebreakdown field.
The integrated resistive current for PET is similar to that of bubble BOPP, although
PET films fail at a much lower electric field. In comparison, amorphous polystyrene
shows an order of magnitude higher conduction (15 μC) and a relatively low inception
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Figure 4.6: Prebreakdown conduction in log-log plot with the solid line showing the
slope of the integrated conduction in accordance with SCLC model.

field for nonlinear charge injection (150 MV/m). Polystyrene also has the lowest
dielectric breakdown strength of 450 MV/m.
Space-Charge-Limited Current (SCLC) model is often used to describe conduction
current as a function of the applied field [41]. For a realistic dielectric with localized
traps, there will be four regions for the charge (integrated conduction) vs. applied field :
Ohmic region (Q∝E2), trap-limited SCLC (Q∝E3), trap-filled limited (Q∝En) and trap
free (Q∝E3).
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The integrated conduction vs. electric field result under the logarithm scale is
shown in Figure 4.6 according to SCLC model. At high fields above 300MV/m, all
curves start with a slope of 3, showing a trap-limited conduction. All the materials
exhibited trap-filled limited conduction at high field with slopes higher than 3,
indicating local traps are dominating the conduction and charge transport [42]. Tenter
BOPP and PET have the lowest slope of 5, bubble BOPP has a slope of 7.5 and PS has
the highest slope of 11. The transition from trap limited to trap filled limited region is
a blur, indicating a large distribution in energy states of localized traps. The trap free
conduction where the slope will be back to 3 is not observed, indicating that the rapidly
increased current created more defect states and caused electrical degradation in
polymers.`
The conduction result distinguishes all materials well based on their resistive
current, especially in prebreakdown field. All of the measured results stay well in line
with their electrical performance. This match demonstrates the feasibility of transient
condition conduction measurement, not to mention the advantage of getting into
prebreakdown high field. Even two types of BOPP with similar DC breakdown strength
but manufactured by differing stretching processes, i.e., sequential draft-tenter and
simultaneous/bubble, are found to have different prebreakdown conduction. Using the
same amount of time as conventional DC breakdown measurement, prebreakdown
conduction which contains critical information regarding carrier transport and
electronic band defect state can be revealed, providing insights into the conduction and
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breakdown mechanisms. The result can also be used for further quantitative analysis of
the defect states in these polymers, which will be presented in the next chapter.

4. 5.

Dynamics of nonlinear charge injection

Following the prebreakdown conduction measurement, additional experiments are
conducted to investigate the charge injection threshold and charge transport dynamics
in these polymers. The applied waveform is a DC high voltage ramp, with an additional
down ramp. The first half of this measurement is the same with that in the
prebreakdown conduction study reported above. Once the electric field reached the
designed prebreakdown field, instead of removing the applied field immediately, the
voltage is ramped down with the same ramping rate of 300V/s.
The integrated conduction in two polymer films under the transient triangular high
voltage waveform is shown in Fig.4.7. The applied voltage ramped up to ~4 kV before
ramping down to zero. In the ramping up period, the result is similar to the previous
section. We can see that once above a threshold field of ~150 MV/m, the Ohmic
behavior for low field conduction turns rapidly into a highly nonlinear charge injection.
Interesting findings show up in the ramping down period. The nonlinear charge
injection keeps increasing even when the applied electric field is decreasing. The
charge injection stops only when the applied field is below the threshold of the
inception of nonlinear charge injection. Such quantitative measurement of transient
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Figure 4.7: Nonlinear charge injection in (a) BOPP and (b) polystyrene.

charge injection provides a unique opportunity for the observation of the charge
dynamics as a result of space charge modified potential distribution inside the sample.
When comparing the results of different materials, the resistive charge through
polystyrene film stops increasing and remains at a certain value once the applied
voltage is lower than a certain threshold and comes to a steady state. However, for
BOPP, the charge starts decreasing when the applied voltage is lower than the charge
injection threshold, which suggests some of the charges are actually “flowing back”
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against the applied voltage. The resistive charge is direct integration of the resistive
current. The charge through BOPP decreases once the applied field reaches once again
the threshold field for charge injection, indicating a negative current flow under a
positive applied voltage.
For the case of polystyrene, the observed behavior may be explained by the
transient effect proposed by Rose and Smith [43, 44]. When the applied voltage is
reduced, it requires certain time for the trapped charges forced into the material at a
higher voltage to be thermally released. The long time required for the transient current
to subside is a direct measure of the capture cross section of traps in polystyrene (deep
trapping). As for the case of BOPP, the “flow-back” of the charge during the voltage
ramping down cycle indicates the presence of carriers of high mobility under extremely
high field [45]. This also implies that the charge can be withdrawn from the dielectric
as easily as it can be injected and also the depth of the traps involved is shallow [46].
Transient space-charge-limited-current measurement and analysis suggest
distinctive behavior between Bubble BOPP and PS. Furthermore, such transient
resistive current measurement provides insight into the dynamics of nonlinear charge
injection in polymeric films under an extreme electric field. With further development,
such pre-breakdown measurement is expected to advance the fundamental
understanding of conduction mechanisms in polymeric dielectrics.
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4. 6.

High field degradation and defect creation
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Figure 4.8: The prebreakdown conduction measurement results on one PS film
showing the hysteresis behavior above ~450MV/m. The green circles mark the
highest applied field in each measurement and the arrows indicate the order of the
measurement.
As reported in section 4.2, PS shows distinct run-to-run conduction possibly due
to absorption and degradation. To shine more light on the effect of prebreakdown aging
on the defect states, the prebreakdown conduction measurement was conducted on PS
with a series of high voltage ramps peaked at gradually changing applied electric fields.
Fig. 4.8 shows the measurement results on PS films. The results contain 9 Q-V
curves measured in sequential order with different peak applied fields. All
measurements were started from zero field with a 300V/s high voltage ramp and
stopped at a designed field indicated in the figure. The green circles in Fig. 4.8 mark
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the highest applied field in each measurement and the arrows indicate the electric field
is first gradually increased and then decreased.
It is of great interest to note the hysteresis behavior of the Q-V curves of PS at
prebreakdown field. The first measurement stops shortly after the nonlinear charge
injection to eliminate any possible initial trap site filling or absorption current. In the
2nd to 5th measurements, the highest field reached is increased gradually until very close
to the characteristic breakdown field of PS. The curves of the 2nd to 4th measurements
follow one identical route, indicating the “state” of the film is unchanged. In the 5th
measurement, a shift to a new route in the Q-V curve is observed, which is not
overlapping with any previous curve. The same applied waveform is re-applied twice
in the 6th and 7th measurement, and the curves are found keeping shifting with decreased
measured charges, indicating changes in the materials’ states, possibly due to charge
injection and carriers transport. In the 8th and 9th measurements, the highest reached
field is gradually reduced, and the curves follows an identical route that is the same
with the 7th measurement.
The shifting of the Q-V curves above the threshold electric field indicates that the
localized trap states are modified during the application of the high field, which affects
the charge transport behavior. The change of the material states is most likely due to
electric field assisted physical aging or space charge accumulation from the previous
measurement [47]. Carriers with high mobility at high fields can create new defect
states rapidly, which then affect the conduction and eventually culminates in
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breakdown. The ability to pinpoint the condition for rapid defect creation under high
prebreakdown field sets the stage for advanced characterizations, i.e. ultrafast pumpprobe laser [48]. With further development, such a study of prebreakdown field
degradation is expected to advance the fundamental understanding of conduction and
breakdown mechanisms in polymeric dielectrics.
It should be mentioned that the same measurement was also conducted for BOPP
and all curves followed an identical route and no hysteresis behavior was observed.
The study on the origin of the difference between BOPP and PS under prebreakdown
field is still ongoing and our initial hypothesis is that the completely amorphous nature
of PS makes it vulnerable to high electric field degradation.

4. 7.

Summary

Conduction measurement at prebreakdown electric field is achieved for the first
time, providing a new approach for studying the conduction and breakdown of polymer
dielectrics. The high field conduction measurement offers great opportunities to study
the high field phenomena related to breakdown including charge injection instability
and carriers with high mobility.
The measurement result provides additional information than conventional DCbreakdown measurement, which can only record the electric field when the sample fails.
The measured result provided additional information on charge transport as a function
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of applied electric field. Compared with D-E loop measurement, the integrated resistive
current is more accurately measured and can be used as a quantitative basis for further
study. As for prebreakdown conduction, the comparison result classifies all materials
well based on their resistive current. All of the measured results stay well in line with
their electrical performance. This match demonstrates the feasibility of transient
condition conduction measurement.
The repetitive measurement reveals that initial polarization and absorption of
shallow traps only exist in the fresh sample measurement in semi-crystalline materials,
but always exist in amorphous polystyrene. Additional measurements of conduction at
various field and waveforms all show there exist charges with high mobility in
polymeric films under extreme electric field. The ability to pinpoint the condition for
rapid defect creation under high prebreakdown field sets the stage for advanced
characterizations.
All these results contain critical information regarding carrier transport and
electronic band defect state, providing insights into the conduction and breakdown
mechanisms. With further development, such prebreakdown measurement is expected
to advance the fundamental understanding of conduction mechanisms in polymeric
dielectrics. The result can also be used for further quantitative analysis of the defect
states in these polymers, which will be presented in the next chapter.
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Chapter 5. Probing electronic band structures in
polymer dielectrics

5. 1.

Introduction

The electronic band structure is one of the characteristics encoding the insulating
behavior of a material. The electronic band structure of a dielectric, especially the
conduction band tail, provides insights into the mechanism of electron transport,
electrical degradation and breakdown. Thus, it is important to understand the electronic
band structure in polymer dielectrics for high energy capacitors.
Unlike ideal crystalline insulators, polymers exhibit all kind of physical disorders
due to long chain folding and structural defects, as shown in Fig.5.1 [49]. These
physical disorders will introduce defect states into the electronic band structure of
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Figure 5.1: Typical defects formed by local polymer chain arrangement.

polymers, creating localized states (electron traps) and shifting band edge positions
[50].
As a result, those defect states will promote charge transport and eventually reduce
the dielectric breakdown strength [51]. Dielectric degradation, which eventually
culminates in breakdown, is often caused by the progressive accumulation of these
defect defects, assisted by electric field, time, environmental conditions, and
temperature[47]. The complexity of these processes makes the study of breakdown
mechanism far from fully understood despite extensive effort over almost the past
century [52, 53]. Improved understanding of the localized defect states within the
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electronic band structure and the origins of the defect states is urgently needed to guide
development of electric field tolerant dielectrics with high breakdown strength in
modern power system and electrical applications [54].
Currently, electronic band structure and localized defect states in polymer
dielectrics are measured by methods including electroluminescence [55], thermal
stimulated current measurement [56] or other optical measurements [57]. Although
various types of localized states can be obtained from these measurements, the results
are not the most relevant information to breakdown and charge transport under extreme
high field. Since breakdown happens when current flow through dielectrics
uncontrollably, electrical conduction measurement in dielectrics becomes an important
experimental method to directly gain information about the defect states in electronic
structures that modify the charge transport and lead to breakdown [58]. Prior works
based on steady-state current measurement were limited to equation fitting with
existing classic low field conduction models [59].
At high field, the electric field will modify the electronic band structure and deep
traps with high energy electrons will start to contribute to the conduction [60]. The
conduction mechanism may also change when the electron gains enough energy, from
a low field hopping conduction to the high field trap-controlled conduction. As a result,
studying the prebreakdown conduction becomes currently the most effective way
towards understanding electric band structure in wide band polymers [61]. To shine
more light on the defect states that control dielectric breakdown, information related to
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the carrier mobility, localized states, degradation and aging need to be extracted based
on the prebreakdown conduction. As of now, a generic method that can measure the
prebreakdown conduction through polymer dielectrics, and data analysis that can
reveal the defect states that controls the pathway to breakdown, are not yet available.
In this chapter, we fill this gap by probing the trap density of states (DOS) via
temperature dependent space charge limited current (TDSCLC) spectroscopy based on
the measured prebreakdown conduction in polymer dielectrics. Prebreakdown
conduction through polymer films is measured with a specially designed novel
measurement system which made such information available for the first time. The
result provides valuable information regarding the prebreakdown stage of dielectrics
and is well in line with their performance. Based on the prebreakdown conduction,
defect DOS at the conduction band edge is calculated using a modified method based
on space charge limited current (SCLC) theory. The result shows different DOS for all
materials under study with varying chemical structure, physical disorder, crystallinity
and processing condition. Favorable agreement with density functional theory (DFT)
simulation results is found, validating the experimental result and helped explained the
origins of the defect states. Probing the defect DOS based on prebreakdown conduction
gives the most relevant information relating to breakdown and such measurement offers
a window to correlate physical properties of materials and their electrical performance.
It is hoped that this work can contribute toward the fundamental understanding of
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carrier mobility induced instabilities and aging in dielectrics under extremely high
electric fields.

5. 2.

Temperature dependent conduction measurement

As we know, the conduction current is a function of temperature and applied
electric field, so the first step of the analysis is to obtain the temperature dependence
(TD) of the transient prebreakdown conduction [62]. The TD prebreakdown
conduction measurement is also performed based on the transient-condition
measurement system with a modified setup, where the sample is placed on top of a
heated stage whose temperature can be precisely controlled. The temperature of the
sample was monitored by the probe of the OMEGA HH802U portable thermometer.
The temperature of the sample was kept at the desired temperature for 10 min before
each measurement for thermal equilibrium. As described in the previous chapter, the
measured Q-V result is fitted and the derivative is taken to determine the I-V
relationship, from which the current density can be computed.
Fig. 5.2 shows the current density as a function of electric field for each material
at room temperature (25℃) and elevated temperatures (50℃, 75℃) for all four
polymers. We can see that the current density increases with the increase of temperature,
while the breakdown field decreases at elevated temperature. For the three crystalline
materials, the increase of current density is more obvious from 50 ºC to 75 ºC, and for
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Figure 5.2: Conduction current density as a function of electric field for each material
at room temperature and elevated temperatures.

amorphous polystyrene, the increase is more obvious from 25 ºC to 50 ºC. These
temperature dependent conduction results will be used in the following sections for the
model fitting or Arrhenius analysis.
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5. 3.

Analysis based on conventional hopping conduction model

Hopping conduction was studied previously with steady state conduction
measurement result by many researchers. Hopping conduction is due to the tunneling
effect that trapped electrons hop between charge traps in dielectric films. And the
resulting current density is given by

 eW 
  eE 
sinh 


 k BT 
 2 k BT 

J ( E , T ) = C exp  −

(5.1)

where C is a pre-factor, e is the electric charge, W is the activation energy, kB is the
Boltzmann’s constant, and λ is the hopping distance. For a given temperature, the
equation can be further simplified to
J ( E ) = A  sinh( BE ) , for fixed T

(5.2)

Here, we analyze the result with hopping conduction model and see if the
mechanism is still suitable for conduction at prebreakdown field. This prebreakdown
conduction mechanism study is focused on experimental data at electric fields of above
400 MV/m. The J-E curves at different temperatures are fitted to equation 5.2 first
individually. The fitting results of bubble BOPP and PET are shown in Fig 5.3 as
examples. The colored scatter plot is the current density measured experimentally and
the black solid line is based on simplified hopping model. The fitting result showed
that equation 5.2 predicts the observed current quite well for individual result analysis.
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Figure 5.3: Curve fitting of electric field dependent current density as according to the
simplified hopping model. (a) Result of BOPP. (b) Result of PET.

The next step is to consider the temperature dependent effect. The temperature
dependent results are fitted into equation 5.1 for each polymer with a 3D curve fitting,
so that the hopping distance and activation energy can be derived simultaneously for
each material. The fitted 3D surface (mesh) based on the J-E curves of BOPP (solid
black dots) is shown in Fig.5.4, indicating a very reasonable fit.
Based on the 3D fitting, the activation energy W and the hopping distance λ for all
the films can be calculated and the results are summarized in Table I. The activation
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Figure 5.4: 3D fit to experimental current density data for polystyrene.

energy for all polymers is roughly 0.5eV, which can be considered as shallow traps and
the 0.4 ~ 0.5eV trap depth for electrons in polymer chains has been reported in literature
[63, 64]. Regarding the hopping distance, similar results have been reported in
experiments on other polymeric films [65]. However, the resulting hopping distances
which are below 1 nm seems to be comparable to the dimension of the unit cell of the
polymer, which is not realistic. This result suggests that hoping conduction may not be
valid for prebreakdown conduction analysis.
Due to the complexity of polymeric materials, various modes of transport could
co-exist [66]. The simple hopping model, which generally describe charge transport at
lower electric field (below prebreakdown field), cannot well explain the prebreakdown
conduction behavior. More sophisticated conduction model shall be considered as the
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Table 5.1 : Activation energy and hopping distance calculated from the 3d fitting
Sample

Activation Energy(eV)

Hopping distance(nm)

Tenter BOPP

0.52

0.7

Bubble BOPP

0.45

0.6

PET

0.41

0.9

PS

0.50

0.8

prebreakdown carrier transport that could evolve hopping conduction to trap-controlled
conduction [67] or “hot” electrons dominated effect [68], as shown in the diagram in
Fig. 5.5. A new analysis method, preferably without any assumption of a specific
conduction model, shall be employed for the fundamental understanding of the carrier
mobility-related pre-breakdown phenomena in polymeric dielectrics.

Figure 5.5: Diagram summarizing different types of charge transport and conduction
mechanism.
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5. 4.

Method of TDSCLC analysis for polymer dielectrics

In a paper by Shauer [69], the temperature dependent space charge limited current
(TDSCLC) method was introduced to analyze the conduction as a function of
temperature and electric field in semiconductors, which can provide critical
information regarding the defect level and defect density of states in the measured
materials. Although the defect density of states in polymer is much great than that of
semiconductors, the method is still valuable since it does not rely on the assumption of
any single conduction mechanism.
According to the TDSCLC theory, the shape of these experimentally determined
SCLC curves reflects the increment of the space charge with respect to the shift of
Fermi energy during the transient application of high field. The first and higher order
derivatives of the temperature modulated current density plots with respect to the
electric field (dj/dU & d2j/dU2) can be employed to yield transport parameters such as
the density of trap states.
In the prebreakdown conduction measurement, with the Ohmic contact on
metalized film electrodes and the predominant band conduction that happens at the high
electric field, it is valid to use the SCLC model [70]. For a simplified transport model
with unipolar carrier injection from an ideal ohmic contact free from thermal
equalization, application of the SCLC principle to the coupled transport and Poisson
equations results in the following bulk density of trap states, measured in reference to
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the mobility edge of the conduction band, from the temperature dependent SCLC
(TDSCLC) spectra. The shape of these experimentally determined SCLC curves
reflects the increment of the space charge with respect to the shift of Fermi energy
during the transient application of high field [71]. The first and higher order derivatives
of the temperature modulated current density plots as a function of the electric field can
be employed to yield transport parameters such as the density of trap states [69]. The
equation is given as
dns
1  0 2m − 1
=
(1 + C )
dE f kBT eL2 m2

(5.1)

with
C=

B(2m − 1) + B 2 (3m − 2) + d [ln(1 + B)] / d ln U
1 + B(m − 1)

(5.2)

and
B=

dm
1
d ln(U ) m(m − 1)(2m − 1)

(5.3)

where L is the sample thickness, U is the applied voltage, m = d(lnj)/d(lnU), the slope
of the j-U plot under log-log scale. With the parameter determined from equation 5.2
& 5.3, equation 5.1 gives the density of state as a function of applied field for each
material. For the complete reconstruction of the DOS, Arrhenius analysis of the
TDSCLC spectra is used to extract the activation energy as a function of U according
to Ea= -d (lnj)/d(kbT)-1 to correlate the electric field with the energy level of the traps
which are being probed.
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Figure 5.6: Data processing procedure to extract the defect density of states. The
density of state information is extract from the left projection and the activation energy
is extract from the left projection, and the reconstruction of density of trap state is
achieved by combining the field dependent DOS with field dependent activation
energies.

With the availability of the high field prebreakdown conduction, and adopting the
TDSCLC method in semi-conductor study, the density of defect states in the electronic
band structure of polymer dielectrics can be extracted.
The schematic of the TDSCLC analysis for tenter BOPP is shown in Fig. 5.6. The
3D plot in the middle is the experimental TDSCLC results of tenter BOPP from 10
MV/m to 800 MV/m under 25°C, 50°C and 70°C, respectively. The current density is
obtained by taking the derivative of the measured charge with respect to time. This is
the basis for extracting transport-related parameters. The current density under room
temperature is taken for the delocalized trap density calculation as shown in the electric
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field vs. current density plane projection. The defect density is calculated as a function
of the applied electric field based on the shape of the SCLC curve using the equations
in the theory described above. The complete reconstruction DOS requires the
establishment of the correlation of the field applied to the energy level of DOS. Current
density as a function of temperature (as shown in the temperature-current density plane
projection) is taken to calculate the measured delocalized trap depth under a given
electric field. Following Arrhenius equation, by projecting the experimental data on the
temperature-current density plane, connecting the data points under the same applied
field will yield a straight line and the slope of which is the effective Fermi energy, or
the trap depth at the given electric field. Combining the information from the previous
two projection, the bulk trap density of states with respect to the conduction band edge
can be obtained.

5. 5.

Bulk trap density of states in polymer dielectrics

With the method described above, the bulk trap density of states with respect to
conduction band edge for the four capacitor films is constructed, as shown in Figure
5.7. An exponential distribution of bulk trap DOS is observed for all three crystalline
materials, while the amorphous polystyrene exhibits a distinctive DOS with a much
greater bulk trap depth of 2.0 eV-2.5 eV. The bulk trap depth for PS prebreakdown is
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Figure 5.7: The resulting density of bulk trap states below the conduction band edge
for all polymeric films.

greater than the space charge trap depth determined by thermally stimulated
depolarization current (1.4 eV), but very close to the reported activation energy of 2.0
eV which is thought to be associated with the movement of the entire molecular chain.
The analysis gives differing trap DOS for the two types of BOPP, i.e, 0.3 eV to 0.5 eV
for tenter BOPP and 0.6 eV to 0.7 eV for bubble BOPP, respectively. This difference
is attributed to their processing conditions, i.e. sequentially stretching vs.
simultaneously stretching. Material characterization confirms that sequentially
stretched tenter BOPP had higher crystallinity and better chain orientation over bubble
BOPP. PET has a low breakdown field due to limited band gap even though it possesses
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shallow trap distribution. These density-of-trap-state distributions stay well in line with
respect to their high field performance.
The measured results unraveled the impacts of physical morphology on the
electronic band structures. The measured prebreakdown conduction of amorphous PS
deviates from that of semi-crystalline BOPP and PET because the deep electron trap
depth assists in the tunneling injection at the electrode/polymer interfaces and hopping
conduction within polymers. While for semi-crystal BOPP and PET, trap depths less
than 1 eV are observed, indicating that trapping/de-trapping process or trappingcontrolled band conduction are favored. The result suggests that semi-crystalline
polymers are promising candidates for exploring novel polymers with high breakdown
strength.
The impact of the physical disorder can be further observed on the distinct defect
states of two isotactic BOPP with the same molecular structure. Tenter BOPP shows a
higher breakdown strength and lower prebreakdown conduction than bubble BOPP and
shows a 0.3 eV to 0.5 eV shallow trap depth versus 0.6 eV to 0.7 eV for the bubble
BOPP. The only difference between them are processing conditions. Tenter BOPP
films are formed by extrusion through heated slot die, cooling, reheating and sequential
stretching to induce Machine-Direction-Orientation and Transverse-DirectionOrientation for the formation of extended lamellar structures in monoclinic form. On
the other hand, bubble BOPP films are made with simultaneous bi-axial drawing from
a tubular stalk. Upon reheating the exterior spherulites undergo phase transition from
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hexagonal to dense monoclinic form. Thus, the small-scale manufactured tenter BOPP
has higher crystallinity and less amorphous disorders, resulting in a low defect level
and high breakdown strength. This important observation suggests that sequential
biaxial stretching reduces the density of deep trap in polymer thin films, thus limits the
high field conduction and enhances the breakdown strength. Such knowledge can be
used to help the process optimization on existing polymer dielectrics.

5. 6.

First-principles computations of electronic band structures

To characterize the origins of the experimental results, the total DOS of crystal and
amorphous phases of isotactic PP, isotactic PS and PET were computed using the
hybrid DFT method.
DFT computations were performed using the Vienna ab-initio simulation package
[72]. Perdew-Burke-Ernzerhof (PBE) XC functional [73] and a plane-wave energy
cutoff of 400 eV were used. Monkhorst-Pack k-point meshes of 4  1  4, 4  4  2, 1
 1  4 and 1  1  1 were applied for crystal PP, PET, PS, and all amorphous structures,
respectively. The vdW-DF2 functional was adopted to improve the van der Waals
interactions [74]. In addition, the electronic structure of crystal polymers was computed
using the HSE06 functional [75]. While the electronic structure of amorphous phases
was corrected at the hybrid DFT level, based on the relationship between the PBE and
HSE06 results derived from 250 polymeric and molecular structures [47]. Classical
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MD simulations were performed in the LAMMPS simulation package [76], using the
OPLS-AA force field [77] and a time-step of 1 fs.
Classical MD simulations were used to generate amorphous phases of isotactic PP,
isotactic PS, and PET, including 1808, 2568, and 2260 atoms respectively. The
following MD procedures were performed: 1) NVT (T = 600 K, 0.5 ns); 2) NPT (P =
1atm, T= 600 K, 2ns); 3) quench liquid to solid state from 600 K to 300 K at NPT
ensemble over 1 ns; 4) NPT (T = 300 K, 5ns). The resulting densities of isotactic PP,
isotactic PS and PET are 0.85, 1.01, and 1.26 g/cm3, respectively, agreeing well with
experimental values [78].
The calculation result is shown in Fig. 5.8. The band gap (Eg) refers to the
conduction and valence band edges difference in the crystal region. The electron trap
depth is the conduction band edges difference between the crystal and amorphous
regions, caused by the physical disorder of amorphous regions. Depending on the
crystallinity of the materials and physical morphology, the actual electron depth of the
materials can fall anywhere in this region.
Electron trap depths of 1.17 eV and 0.62 eV are obtained for PP and PET polymers,
respectively. This is caused by the low density of amorphous phases, reducing overlaps
of anti-bonding orbitals, which are consistent with experimental trap depths. The
experimental result is also included in Fig. 5.8 with an arbitrary unit for comparison.
The experimentally measured and calculated DOS correlates to the first principle
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Figure 5.8: Calculated bulk trap density of states below the conduction band edge for
all polymer dielectric films based on experimental prebreakdown conduction, as well
as the calculated band structure for crystal and amorphous of polymers using DFT
computation. The inserted plot shows the calculated value of trap DOS and the main
plot use arbitrary unit in accordance with DFT Computation result.

computation well for both PP and PET. Even the shape of measured DOS edges (i.e.,
band tails) matches well with that of the computed results at two DOS peaks.
At the same time, both the trap depth and the DOS distribution of amorphous PS
are very different from semi-crystalline materials as we can expect. The computed
electron trap depth of PS is about 0.14 eV, which is much lower than the measured
value of 2.0 - 2.2 eV. and this activation energy seems too deep for the trap depth
caused by the physical disorder. This indicates that, in addition to the physical disorder,
there are other factors making contributions to the deep trap depth. The value sits right
at the middle point of the 4.4 eV band gap for polystyrene, which might relate to the
Fermi level pinning effect. Fermi level pinning is the effect that some point of the band

80

gap is pinned to the Fermi level, which makes the Schottky barrier eight completely
independent with the work function of the metal. Fermi level pinning is widely found
in wide band semiconductors, especially when trap DOS exists [79], which are exactly
true for polystyrene. Polystyrene has a rather large band gap as an insulator, and it has
the highest trap DOS among all tested materials, which could be a result of its
completely amorphous nature.

5. 7.

Summary

Electronic band structures of polymeric dielectrics have long been missing for
researches in this area due to challenges in measurement and data analysis. Performing
TDSCLC analysis on prebreakdown conduction allows the reconstruction of defect
DOS at the conduction band tail in wide band gap polymeric dielectric films. This
chapter provide a novel and universal method that can be employ
to study the high field conduction related defect states experimentally in all
polymer dielectric thin films.
The defect DOS showed that the electrical properties of polymers are
fundamentally related to their electronic band structures, originating from their
chemical structure and physical morphology. The result also suggests that semicrystalline polymer films have fundamental advantages over amorphous polymer films
for high energy storage capacitors. The semi-crystalline materials have fewer defect
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states and shallower trap depth, originating from their physical morphology, resulting
in a higher breakdown strength. The first principle DFT computation results are well
in line with the experimental results, confirmed the origin of the experimental result.
This work contributes toward the fundamental understanding of trap modulated
charge transport and the role of defect states in dielectric breakdown and conduction
under extremely high electric fields.
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Chapter 6. Dipolar polarization enhancement in
organic polymers

While fundamental study on conduction and breakdown mechanism show
promising result that may lead to fundamental future break through, polymer films with
enhanced energy density are also urgently needed in modern pulse power capacitor
applications. In this chapter, a practical design approach towards all-organic polymers
with high energy density is discovered based on the summary and analysis of a series
of systematic electrical characterization on several novel polymers with similar
molecular structures. High field polarization D-E loop measurement shows promising
discharge energy density outperforming other organic polymers. Dielectric
spectroscopy measurement on these polymers reveals multiple strong sub-glass
transition (sub-Tg) relaxation peaks with low activation energies, which indicates the
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enhanced movement freedom of dipoles below the glass transition temperature. In
depth analysis shows that when flexible segments are introduced into the backbones of
rigid polar aromatic polymers, dipolar polarization is enhanced owing to the increase
of the dipole flexibility. All measured results unveil a novel approach towards high
dielectric constant organic polymers for electrical energy storage.

6. 1.

Introduction

As of now, the most practical method to increase the energy density of polymer
capacitors is by increasing their dielectric constant. Various kinds of engineering
methods have been presented to maximize the polarization process and increase the
energy density in polymer dielectrics. A straightforward solution is to introduce
inorganic fillers with high dielectric constant into the polymer matrix by materials
engineering. Materials including polymer blends [80], nanolaminates [81],
nanocomposites [14, 15] and nanocoating [16], etc. have been demonstrated with
improved energy density. However, until now, no such polymers have been used in
mass production due to the mismatch between the filler and polymer matrix. The
existence of the interface is a potential threat for long-term reliability and is a challenge
for large-scale film fabrication [17]. Thus, it is highly imperative to increase the
polarization (thus dielectric constant) in pure organic polymers.
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During previous studies on high dielectric constant polymers, several groups of
novel polymers with high dielectric constant and high energy density with high
efficiency have been identified [82]. Seeing the similarity on these polymers, a
systematic electrical characterization is presented on selected polymers to fully
understand their polarization behavior and high field energy storage performance.
Broadband dielectric spectroscopy is conducted to measure the polarization process
over a broad range of temperatures and frequencies. The results are analyzed with
existing polarization models to understand the molecular level movement associated
with the polarization. Broadband dielectric spectroscopy shows multiple strong sub-Tg
polarization processes with low activation energies compared with the state-of-the-art
BOPP. These results suggest that the orientational flexibility of dipoles and dipolar
polarization are enhanced, originating from the unique polymer structure.
Based on the systematic characterization, a novel molecular engineering design
approach for high energy density and high efficiency polymers is discovered, which
combines rigid aromatic polymers with flexible segments in the polymer backbones.
High field charge-discharge D-E loops measurement is performed to study the
polarization behavior and energy storage capability under a high electric field. With the
designed molecular structure, the energy density and efficiency of these polymers are
confirmed to be remarkably higher than other polymers within their own classes. These
findings pave a way to further increase the energy density of organic polymers and
explore new candidates for advanced high energy density polymers.
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The dielectric constant of materials comes from various polarization processes
over a broad range of frequencies. There are mainly four types of polarization that can
contribute to the dielectric constant: electronic, ionic, dipolar (orientational), and
interfacial polarization [83]. Interfacial polarization is not desired for capacitor
applications because it comes with huge dielectric loss. Electronic and ionic
polarization occurs at very high frequencies (>1011 Hz) with almost no loss penalty and
are therefore preferred sources of polarization for energy storage purposes. Our
previous study has found a rational co-designs approach towards high energy density
polymers by designing polymers with enhanced electronic and ionic polarization.[18].
However, that study also indicates an inverse relationship between the band gap and
electronic polarization. In order to maintain a high enough band gap (>4 eV) to support
the breakdown strength (and hence limited electronic polarization), increasing the
dipolar polarization in polymers is preferred.
Dipolar polarization, also known as orientational polarization, is an important
mechanism that occurs at the frequency range of ~108 Hz. Increasing dipolar
polarization can help to further increase the energy storage capability in polymer
dielectrics [10]. Increasing the dipolar polarization can be achieved by utilizing relaxor
ferroelectric based copolymers [84, 85], by introducing polar side groups into glassy
polymers [86], or by modifying polymers known for high dielectric constant [87]. It is
noteworthy that increasing dipolar polarization in organic polymers may also lead to
dramatic decreases in discharge efficiency due to multiple loss mechanisms. For
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example, ferroelectrics suffer from low efficiency because of intrinsic hysteresis loss.
By and large, the aforementioned approaches encountered high loss due to the strong
convoluted coupling between the dipolar orientations and global chain motions. A
detailed study on dielectric polarization behavior is needed to understand the origin of
the dielectric constant and loss on a molecular level. Such knowledge can guide future
works on increasing the energy density of polymer dielectrics.

6. 2.

Structures of the selected promising novel polymers

In our previous studies, several basic polymer building blocks with promising
predicted dielectric properties were identified according to DFT calculations [88] and
the structures are shown on the left side of Fig.6.1. They represent three different
polymer classes, namely polythioureas, polyureas, and polyimides, while sharing the
same rigid aromatic unit -C6H4. Although these initially suggested polymers have
promising dielectric constants and breakdown strengths, dipolar polarization is not
considered due to theoretical limitations on calculation. Moreover, those polymers are
also found insoluble in most of the solvent and hard to be processed into thin films.
To further increase the processability of these novel organic polymers, a new
generation of polymers based on those structures, including, polythioureas [89],
polyimides [89, 90], polyureas and polyurethanes [90] were synthesized, and
characterized for dielectric properties. Three of the most encouraging candidates
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among the new polymers are selected and shown on the right side of Figure 6.1. The
first polymer in the polythiourea family named PDTC-HK511 was prepared through
addition reactions of para-phenylene diisothiocyanate (PDTC) and Jeffamine HK511.
The second polymer in the polyurea family named TDI-EDR148 was prepared through
addition reactions of toluene-2, 4-diisocyanate (TDI) and Jeffamine EDR148. The third
polymer from the polyimide family named BTDA-HK25 was prepared through
addition reactions of 3,3′,4,4′-benzophenone tetracarboxylic dianhydride (BTDA),

Rigid Segment

Rigid Segment + Flexible Segment

Polythiourea

Polyurea

Polyimide

Figure 6.1: Molecular structures of three intimal selected blocks and their
corresponding second generation designed polymers.
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Jeffamine HK511 and hexane-1,6-diamine (HDA). It was a copolymer of BTDAHK511 and BTDA-HDA, where the molar ratio of BTDA-HK511 is 25%.
All these second-generation polymers consist of a rigid aromatic ring segment and
a long, flexible segment in the polymer backbone. It is expected that the original
aromatic rigid segment can provide a high glass transition temperature for higher
operational temperatures and support the high breakdown strength. And the flexible
segments are expected to increase the processability of the polymers for thin film
processing, and to increase the flexibility within the polymer backbone, thereby
increasing the dipolar polarization on the overall polymer chain.

6. 3.

Broadband dielectric spectroscopy measurement

Broadband dielectric spectroscopy measurement was performed within a wide
temperature and frequency range to fully study the polarization behavior in those
polymers. The real and imaginary parts of the complex dielectric permittivity from
broadband dielectric spectroscopy are shown in Figure 6.2. At room temperature, all
three polymers show high dielectric constants above 4.5 and low dielectric loss factors
below 0.02 at 1 kHz. PDTC-HK511 has a dielectric constant of around 5.8 with a loss
factor of 0.012. TDI-EDR148 shows the highest dielectric constant of 6.6 and a loss
factor of 0.018. BTDA-HK25 shows the lowest loss factor of less than 0.01 and a
dielectric constant of 4.5.
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Strong sub-Tg relaxation loss peaks can be observed from Figure 6.2b, d and e. The
relaxation peak under high temperature relating to the glass transition is α relaxation.
The following relaxation peak is β relaxation which related to crankshaft movements
in polymer chains [91]. The γ relaxation peak under low temperature and high

Figure 6.2: Broadband dielectric spectroscopy as a function of wide ranges of
temperatures and frequencies. Measurement results of dielectric constant for a)
PDTC-HK511, c) TDI-EDR148, e) BTDA-HK25, and loss factor for b) PDTCHK511, d) TDI-EDR148 and f) BTDA-HK25.
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frequency is a result of local fluctuations of dipole vectors within a polymer chain. The
observed β and γ relaxation peaks indicate strong localized dipole movement as a
function of the applied field. The observed sub-Tg relaxation, especially the γ process,
shows a high characteristic frequency according to the loss peak. This fast response
polarization process come with a very small loss penalty for capacitors.
From Figure 6.2a, c and e, we can see that the dielectric constant increased following
each relaxation process according to the Kramer-Kronig relation [92]. The dielectric
constant measured under -130 °C in each polymer is roughly the same as the value on
each base aromatic polymer without flexible segments [91]. At such low temperature,
dipolar polarization is “frozen” because of the solid-state energy barrier and the
measured dielectric constant is all from electronic and atomic polarization. The
contribution of each polarization process is given in Table 6.1 based on the refractive
index measurement. Dipolar polarization processes help these designed polymers to
enhance their dielectric constants more than 38% with increases larger than 1.5. Thus,
the resulting dielectric constant of these designed polymers is higher than that of most
polymers within their own class [90, 93, 94].

Table 6.1. The breakdown of dielectric constant into separate polarization processes.
electronic

atomic

dipolar

total

Dipolar enhancement[a]

PDTC-HK511
2.69
1.35
1.76
TDI-EDR148
2.58
2.18
1.84
BTDA-HK25
2.69
0.57
1.51
[a] dipolar compared with electronic + atomic

5.80
6.60
4.77

43.6%
38.7%
46.3%
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To study the temperature dependence of the relaxation processes in detail, the
dissipation factor tan δ is plotted in 2D figures at selected frequencies in Figure 6.3.
Multiple relaxation processes can be observed, and their corresponding loss factors
increase greatly under high temperature, especially for low frequency measurements.
Most measurements show loss factor results that are below 0.1 up to 100 ºC, with TDIEDR148 showing the lowest loss of 0.01 under most cases, and PDTC-HK511 having
greater losses and undergoing exponential losses at about 50 ºC.

Figure 6.3: Temperature dependence of loss factor for a) PDTC-HK511, b) TDIEDR148, c) BTDA-HK25 at selected frequencies
The temperature dependence of the dissipation factor, tan δ, for PDTC-HK511 at
selected frequencies is shown in Fig.6.3a. The major relaxation peak observed is the γ
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relaxation on the left, under a low temperature range below -30 ºC. β relaxation is
superimposed at a higher temperature. Part of the β relaxation can be observed under
low frequency at around 0 ºC.
The temperature dependence of the dissipation factor, tan δ, for TDI-EDR148 at
selected frequencies is shown in Fig.6.3b. γ relaxation can be partly observed on some
of the low frequency curves below -50 ºC, and β relaxation is the major relaxation
process observed around intermediate temperatures.
The temperature dependence of the dissipation factor, tan δ, for BTDA-HK25 at
selected frequencies is shown in Figure 6.3c. The dielectric spectrum is similar to the
prior two polymers. Both γ relaxation and β relaxation can be clearly observed under
most selected frequencies. γ relaxation is below -50 °C, and β relaxation is around 0 °C.
The overall loss increased with frequency, and the loss maximum peaks of the β
relaxation shift towards higher frequency with temperature. α relaxation is not observed
at all since the maximum temperature is 25 °C below its Tg.
The temperature dependence on loss factor for these polymers are similar, with subglass relaxation at low temperature. All the loss factors remain at a low level until the
temperature started approaching the glass transition temperature, where the increase of
both the dielectric constant and loss are expected.
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6. 4.

Dielectric polarization and relaxation analysis

In order to extract relaxation related parameters, the frequency dependence of the
permittivity needed to be studied. The relaxation processes of dielectrics are usually
analyzed using existing model functions. Starting from the theoretically well-founded
Debye function, various formulas have been suggested to describe the experimentally
observed spectra.
Fig. 6.4a & b show the isothermal plots of the loss factor, tan δ, for TDI-EDR148
as an example according to NH function in Equation 6.1. Figure 4a shows the γ
relaxation at low temperature ranges and Figure 5b shows the β relaxation at
intermediate temperature ranges. Since the measurement is controlled below the glass
transition temperature, an α relaxation peak cannot be observed in our data.
As we can see, some of the peaks lie around the edge of our measurement range,
and the peak is not fully measured. At the same time, some peaks cannot be well
separated from some other unknown process. Due to the complexity of the shape factor
in NH-function, these factors will introduce error when extracting the shape parameter
of the peak, and eventually cause errors in the calculation of τ and Δε.
These sub-glass transition peaks often attribute to secondary, localized relaxation
processes such as rotational fluctuations of (side-group) dipole vectors. Other processes
may include steric oscillation of ring structures and the crankshaft movement of local
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Figure 6.4: The sub-glass transition relaxation peak mapping according to existing
models for TDI-EDR148. a) Frequency dependence of the dielectric loss factor at low
temperature b) Frequency dependence of the dielectric loss factor at high temperature.
chain segments. In contrast to glass-transition α peak, these secondary peaks are much
broader and are often described by the Havriliak-Negami (HN) function [95, 96]
∆𝜀

𝜖 (𝜔) − 𝜀∞ = [1+(𝑖𝜔𝜏)𝛼 ]𝛽

(6.1)

with =2πf,  the relaxation strength, α and β the shape parameters that characterize
the width and the symmetry of the loss peak, respective, ∞ the unrelaxed optical
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permittivity, and , the relaxation time which can be well described by an Arrheniusequation, i.e.
𝑓𝑚𝑎𝑥 = 𝑓𝑚𝑎𝑥,∞ 𝑒

𝐸
(− 𝑎 )
𝑘𝐵 𝑇

(6.2)

where fmax,∞ is a dimensional parameter and ∞ is the activation energy with kB being
the Boltzmann’s constant. The scaling behavior predicted by the Arrhenius equation
with log(f) vs. 1/T will yield a straight line with a slope that is proportional to the
activation energy.
Fig. 6.5a shows the peak frequency vs the reverse temperature plots according to the
Arrhenius equation for all three polymers based on the dielectric spectroscopy
measurement. Each data point corresponds to a relaxation peak frequency and fell into
separate regions for β and γ relaxation. Each relaxation process follows a unique
straight line, indicating an Arrhenius type of distribution. Linear curve fitting was
performed, and the resulting activation energies of all sub-Tg relaxation processes are
summarized in Fig. 6.5b. The activation energies for β relaxation are 0.38 eV, 0.25 eV
and 0.32 eV for PDTC-HK511, TDI-EDR148 and BTDA-HK25, respectively. The
activation energies for γ relaxation are 0.14 eV 0.15 eV and 0.11 eV, respectively.
Activation energies for both β and γ relaxation processes are similar in these polymers,
indicating similar polarization behaviors. These activation energies are considered to
be relatively low when compared with polypropylene, which has a value of 1.21 eV for
β relaxation [83] and a value of 0.48 eV for γ relaxation [97].
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a)

b)

Figure 6.5: a) The temperature dependence of loss peak maximum according to
Arrhenius equation. b) Calculated activation energies for each sub-glass relaxation
process based on Arrhenius equation.

The low activation energy of each relaxation process indicates the movement
freedom of those dipoles under the external field. Those starting aromatic polar
polymers have relatively high dielectric constants stemming from electronic and ionic
polarization, however, their rigid structures with limited movement freedom lead to
weak dipolar polarization as dipoles could not rotate freely. The flexible segments
added to the backbone gave the polymer chain extra flexibility for the local segmental
movement. These polar groups with orientation freedom could be polarized following
the external field and contribute to the overall dielectric constant. With the combination
of rigid and flexible segments, free volume is created in the polymer and constraints on
dipoles are reduced. Thus, this rotational freedom also contributes to the low dielectric
loss factor.
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6. 5.

Characterization of high field polarization

The high field polarization test results are shown in Figure 6.6. to demonstrate the
electrical energy storage capability of these polymers with unipolar D-E loop
measurements. The energy density and efficiency were calculated from the D-E loop
results. High dielectric constants, high energy densities, and high efficiencies were
observed on all designed polymers.
The PDTC-HK511 sample demonstrates a high breakdown strength of ~600
MV/m prior to failure. The slope of the D/E loop indicates a dielectric constant of ~5.5,
which agrees very well with the low field broadband dielectric spectrum data. By
integrating the D-E curve, the released energy density is 11 J/cm3 at 600 MV/m. The
discharge efficiency can still be improved along with the reduction of conduction loss.
TDI-EDR148 exhibits a linear polarization characteristic with minor nonlinearity.
This particular sample can reach a field of 630 MV/m without breakdown and the
statistic breakdown strength is even higher [98]. Furthermore, a dielectric constant of
6.4 is obtained from the slope of the linear region of the charging loop, which also
agrees well with the low field dielectric spectra measurement result at 100 Hz. TDIEDR148 can maintain a high discharge efficiency of >80% even at prebreakdown field.
The energy density reaches 13 J/cm3 at 600 MV/m which is much higher than most of
the commercial capacitor films currently available.
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Figure 6.6: High electric field DE loop result. a) DE loops for PDTC-HK511 and b)
corresponding total energy density and efficiency, c) DE loops for TDI-EDR148 and
d) corresponding total energy density and efficiency, e) DE loops for BTDA-HK25
and f) corresponding total energy density and efficiency.

BTDA-HK25 shows the highest breakdown strength of ~800 MV/m. The
dielectric constant derived from the slope of the loop is 4.5, which is the same number
from low field measurement. It shows the “thinnest” loop with the highest efficiency
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of more than 90%. BTDA-HK25 shows a higher dielectric constant as well as a higher
breakdown strength than BOPP. The resulting energy density can be as high as 12 J/cm3
prior to breakdown.
High breakdown strength is confirmed for all three polymers, originating from the
high band gap of their rigid segments. The rigid segments can also suppress certain
segmental chain motions leading to electron hopping, or tunneling, under high electric
field.[99]
With a dielectric constant of 2.2 and breakdown strength of 730 MV/m, the current
state-of-art BOPP has a maximum energy density of 5.2 J/cm3 prior to breakdown. All
polymers presented here show at least doubled energy densities when compared to
BOPP, with relatively high efficiencies. These values are outstanding among organic
thin film polymers for capacitor applications.

6. 6.

Summary

We propose a novel molecular engineering design approach for high dielectric
constant and high efficiency dielectric polymers. Dipolar polarization is thought to be
enhanced by combining rigid aromatic polymers with flexible segments in the polymer
backbones. The aromatic segments provided a high band gap and high glass transition
temperature, and the flexible segments gave dipoles the flexibility to rotate and created
more free volume. Broadband dielectric spectroscopy shows multiple strong sub-Tg
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polarization processes with low activation energies compared with BOPP. These
results indicate the orientational flexibility of dipoles and the low dipole rotational
energy barrier, demonstrating the enhancement of dipolar polarization originating from
the designed structure. High field polarization measurement find that these polymer
films have enhanced dielectric constants (up to 45%) compared with their base
polymers, with high energy densities of up to 13 J/cm3.
With the preferred molecular structure, the energy density and efficiency of these
polymers are remarkably higher than other polymers within their own classes. These
findings pave a way to further increase the energy density of organic polymers and
explore novel high energy density polymers
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Chapter 7. Conclusion and future work

7. 1.

Concluding remarks

In this comprehensive study, the high field phenomena are studied in detail
including conduction and polarization. Some of the key contributions are,

1. The development of a novel high field conduction measurement system for polymer
dielectrics:

A system for transient characterization of extreme field conduction in dielectrics
has been developed. The method of dynamic capacitive current cancellation under
transient condition avoids thermal breakdown under steady state. In contrast to
conventional quasi steady state measurement which can only reach two-thirds of the
breakdown field due to failure as a result of rapid aging, transient measurement of
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resistive current all way to breakdown can be conducted. The use of the VCA gives the
system a great dynamic range and linear gain control from -100dB to 40 dB, with an
error of less than 0.01% and good stability. Such a unique capability of transient
characterization of the conduction in dielectrics under extreme electric field enables the
direct study of high field conduction and related high field phenomena for the first time.

2. The study of prebreakdown conduction and various first-time uncovered
prebreakdown phenomena:

The measurement of prebreakdown conduction in polymer thin films provides a
new approach for studying the breakdown mechanism of polymer dielectrics. The
prebreakdown conduction can distinguish materials with additional information
regarding carrier transport and conduction mechanism. The result stays well in line
with their electrical performance. This match demonstrates the feasibility of transient
condition conduction measurement, not to mention the advantage of getting into
prebreakdown high field. The transient conduction current measurement also provides
insight into the dynamics of nonlinear charge injection in polymeric films under
extreme electric field, with amorphous PS and semi-crystalline BOPP showing
different behavior. The progressively measured conduction results show a threshold in
PS above which the Q-V behavior start to change, indicating a region associated with
high energy carriers at prebreakdown field. The discovery of these phenomena sets the
stage for advanced characterizations and analyses. The study of prebreakdown field
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conduction can advance the fundamental understanding of conduction and breakdown
mechanisms in polymeric dielectrics.

3. The density of defect states in polymer dielectrics probed experimentally by
prebreakdown conduction:

We have employed transient high field conduction measurement and TDSCLC
spectroscopy model to probe the defect DOS at the conduction band edge in polymer
dielectrics. The defect DOS provides a quantitative basis for the study of charge
transport and breakdown mechanism and shows that the electrical properties of
polymers are fundamentally related to their electronic band structures, originating from
their chemical structure and physical morphology. This is a universal method that can
be employed to probe the localized trap states in all polymer dielectric films. The result
bridges the experimental work with theoretical simulation, contributing toward the
fundamental understanding the role of defect states in dielectric breakdown and the
structure-property relationship in polymer dielectrics.

4. A polymer design methodology to enhance the dipolar polarization for high energy
density capacitors:

This work introduces a novel molecular engineering design approach for high
energy density and high efficiency polymers. Dipolar polarization can be enhanced by
combining rigid aromatic polymers with flexible segments in the polymer backbones.
The aromatic segments provide a high band gap and high glass transition temperature,
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and the flexible segments give dipoles the flexibility to rotate and create more free
volume. With the designed molecular structure, these polymer films have enhanced
dielectric constants (up to 45%), with high energy densities of up to 13 J/cm3.
Broadband dielectric spectroscopy shows multiple strong sub-Tg polarization processes
with low activation energies. These results confirm the orientational flexibility of
dipoles and the enhancement of dipolar polarization originating from the designed
structure. The discover methodology paves a way to further increase the energy density
of organic polymers and explore novel high energy density polymers.

7. 2.

Suggested future work

At the same time, several areas of this study with interesting and promising result
shall be further investigated, and some are listed below

1. More model materials for prebreakdown conduction measurement:

All the conclusions related to prebreakdown study are based on the prebreakdown
measurement in four model polymers. In order to fully understand the prebreakdown
phenomena, more materials should be included in this study considering the large
number of commercial polymers available in the market and novel polymers developed
specifically for high energy capacitors. However, it must be admitted that it is
impossible to measure all polymers. The computation and simulation aided screening
and theoretical validation will be helpful for the related work. A more detailed study
focusing on the inception of nonlinear charge injection in more materials can also be
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conducted to find the maximum operating field for existing polymer dielectrics and
probe the dynamics of space charges.

2. Advanced characterization of high mobility charge behavior:

During the prebreakdown conduction measurement, both the transient charge
injection measurement and the consecutive conduction measurement indicate possible
charge instability and space charge effect at a certain threshold electric field. The
charge flowing back might be a result of internal electric field distortion caused by
space charge and the window of aging might be a result of carriers with high mobility.
The ability to pinpoint the condition of these phenomena sets the stage for advanced
high-resolution space charge characterizations A Laser Induced Pressure Propagation
(LIPP) measurement system is being set up with ultrafast pump-probe laser in
Electrical Insulation Research Center (EIRC). With further development, such study is
expected to advance the fundamental understanding of carrier mobility related
conduction and breakdown mechanisms in polymeric dielectrics.

3. Probing the electronic band structure in polymers with controlled defects:

This work presents a method that can probe the defect density of states in polymer
dielectrics, the result can be used to study the conduction and breakdown strength. To
better understand how the chemical structure and physical morphology affect the
electronic band structures of polymer dielectrics, controlled defects should be
introduced into model polymers and their electronic band structure should be measured.
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Chemical defects such as side chains, end-cap groups, double bonds, oxygens, physical
morphology like different crystallinity, different chain orientation, or different
processing methods can be considered. This requires the availability of the modified
polymer from chemistry or polymer experts. Such a study will provide insight into the
formation of the defect states and can bridge the experimental investigation with first
principle simulation results reported recently [100].

4. More designed polymers with high dielectric constant and high breakdown strength:

With the design methodology discovered in Chapter 6, more polymers containing
rigid aromatic structures with flexible segments are expected to be synthesized and to
possess similarly enhanced energy density. It is also interesting to note that the
breakdown strength of these polymers is also high. Currently, in a parallel study,
preliminary results show that certain designed rigid plus flexible structures are also
beneficial for suppressing conduction and increasing the breakdown strength. If the
relationship between polymer structures and their breakdown strength or high field
conduction can be discovered, we will be able to design polymer with preferred
properties. Such knowledge will be game-changing for the future of polymer film
capacitors.
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